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Most marine organisms are broadcast spawners, releasing their sperm and eggs into the 
water column. Methods of measuring in situ fertilization have proven successful with a few 
model species, which are reviewed in my introductory chapter. However, many commercially 
exploited species, such as the sea scallop Placopecten magellanicus, have been neglected. Sea 
scallop populations have greatly increased from fishing closures, but the mechanism behind this 
response is uncertain, particularly in regard to fertilization. In this dissertation I developed a 
methodology of measuring fertilization success and spawning events of P. magellanicus, tested it 
in laboratory and field settings, and developed a novel genetic probe to detect and quantify 
scallop gametes.   
Chapter 2 describes laboratory experiments and field results from our development of 
nylon mesh chambers used to measure fertilization success (percent of eggs fertilized) in situ. In 
	  dilution-series experiments, maximum fertilization success occurred at sperm concentrations 
>107 sperm ml–1. Between 8 and 24 h at ambient temperature, egg viability fell to zero. Sperm 
half-life shortened from 2 h to 9 min when sperm concentrations diluted by 10-fold from 107 
cells ml–1 to 106 cells ml–1.  Flume trials demonstrated chamber artifacts: fertilization was lower 
inside the chamber than outside, and the effect was greater at higher flow rates, but chamber 
orientation to flow had no effect on fertilization. Increasing the numbers of eggs tended to reduce 
fertilization success. In dockside tests, a 30-fold difference in spawner numbers had a significant 
effect on fertilization success. 
In Chapter 3, I analyzed video surveys of scallop aggregations on western Atlantic 
fishery grounds to determine whether population density, degree of aggregation, and shell size 
were correlated with fishing closures. Based on these data, I created experimental benthic 
populations to measure fertilization success in situ. Fertilization success in these experiments did 
not vary significantly across a 10-fold difference in population density, a result which was 
inconsistent with the outcome predicted by a current fertilization model. This likely underscores 
the extreme variability in fertilization success in the field that is not captured by models.  
In Chapter 4 I developed and tested a genetic probe (Pmag_304F) and primer set 
(Pmag_282F, Pmag_492R) to detect and quantify P. magellanicus gametes in the water column. 
I used a TaqMan fluorescent probe and primer set to target the intergenic spacer region (ITS) in 
the scallop genome. To verify this probe works on scallop gametes, I tested it on replicate sperm 
dilution series. This method may be applied to field samples to detect and quantify spawning 
events for this species and other important invertebrates. 
This dissertation presents empirical data on the relationship between spawner abundance 
and fertilization success in P. magellanicus, evidence for a possible component Allee effect, 
	  some form of compensation at low densities and the development of two methods to detect 
spawning events in the field. These new tools and data improve our understanding of a 
previously poorly studied aspect of scallop reproduction, and may provide insight into their 
resilience to fishing pressure. 
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CHAPTER 1 
INTRODUCTION 
1.1 RECRUITMENT PROCESSES IN MARINE POPULATIONS 
Recruitment in marine ecology and fisheries science is defined as the addition of new 
individuals to a population at a particular age, size, or life stage (reviewed in Caley et al. 1996). 
In fisheries, the recruitment threshold is usually defined as the harvestable size or age, and in 
ecology it can mean any number of life stages depending on the question. Recruitment is 
influenced by a multitude of factors: gamete supply, fertilization success and resulting larval 
production, larval pool dynamics, larval transport, settlement, and post-settlement biotic and 
abiotic factors (Pineda et al. 2009). Fertilization success sets the upper limit of larval supply and 
all subsequent life history stages and therefore is a critical factor for recruitment. This thesis 
focuses on fertilization dynamics, one of the earliest components affecting recruitment, in a 
commercially exploited broadcast spawning sea scallop, Placopecten magellanicus. Specifically, 
I ask what effect adult population abundance and density has on fertilization success in sea 
scallops.  
1.2  HISTORY OF STOCK-RECRUITMENT MODELS IN FISHERY SCIENCE  
Fertilization dynamics are a relative newcomer to our understanding of recruitment processes 
in marine populations. In fisheries science, stock-recruitment models (or spawner-to-recruit 
relationships) are the centerpiece of fisheries theory in terms of both its significance to the 
population dynamics process and its practical importance (Rothschild 1986). The concept of a 
relationship between adult stocks and subsequent recruits was proposed by Johan Hjort in the 
early 20th century. Hjort (1914) demonstrated that the abundance of a year class of Norwegian 
cod was established within the first few months of life and that their abundance varied from year 
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to year based on survival through changing environmental conditions (including oceanography 
affecting larval advection) and fishing pressure. His work demonstrated that knowledge of fish 
year class size and survival could predict catch in the future. However, this work did not examine 
density-dependent population dynamics (Rothschild, 2015).  
Beverton and Holt (1957) and Ricker (1954) were some of the first to integrate density-
dependent population dynamics1 into stock recruitment relationships. Beverton and Holt (1957) 
demonstrated that a non-linear relationship between recruitment and stock size was required to 
keep the population from growing into infinity or collapsing to zero. The model developed by 
Ricker (1954) produces a dome-shaped relationship between stock size and recruitment, 
assuming a decrease in recruitment when stock size passes a certain threshold. These models 
have been modified over time and revised (e.g. Shepherd 1982), but often these model 
predictions greatly oversimplify the relationship and do not take into account the effect of the 
environment on multiple life history stages.   
Several fisheries biologists began exploring life history and age-specific mortality rates and 
relationships. Cushing (1971) developed an alternative density-dependent stock-recruitment 
model whereby recruitment was related to the spawning stock as the inverse cube of fecundity. 
In his exploration of several species, Cushing (1971) determined that different families of fin fish 
exhibit very different stock-recruitment relationships. For gadoid and flatfish species, for 
example, Cushing (1973) found that age- and stage-specific mortality rates differed between 
groups, and that these differences needed to be considered in stock estimates. Through his work 
with cod and haddock, Jones (1974) underscored the importance of considering early life stage 
                                                
1 In 1838, the Belgian Pierre-François Verhulst published Note on the law of population growth, 
developing the first logistic growth equation where there was a density-dependent crowding 
effect and the population had an equilibrium or carrying capacity (Bacaër 2011). 
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survival. Small changes in early life mortality could produce very large changes in recruitment, 
perhaps larger than those observed in conventional stock assessments that ignored these life 
stages (Jones 1974).  
During the same era, Paulik (1973) explored differences in the functional relationships 
between life history stages of Pacific salmon2. The implication of this work suggested that stock-
to-recruit relationships may actually be an integration of several linear and non-linear density-
dependent relationships of varying importance to subsequent recruitment (Rothschild 2015). 
These relationships include that between spawners and fertilized eggs, fertilized eggs and 
subsequent larvae, larvae and juveniles, and juveniles and adults (Fig. 1.1).  
 
 
Fig. 1.1. Theoretical Paulik Diagram: Paulik diagram for theoretical (not based on data or 
models) relationships between subsequent life history stages. Dashed blue arrows indicate the 
fate of fertilized eggs from a parent stock through larvae, juvenile and adult stages 
 
Much of the literature on population dynamics and density-dependence has focused on 
negative feedbacks at high population densities or compensatory effects, due to the obvious 
                                                
2 Paulik (1973) qualitatively depicted these links in a diagram that was later coined as the “Paulik 
Diagram” in The Dynamics of Fish Populations (Rothschild 1987).  
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impacts of resource limitation and crowding on population dynamics (Rose et al. 2001). In 
contrast, positive density-dependence at low population levels, or Allee effects, are hard to detect 
and therefore understudied (reviewed in Myers et al. 1995, Liermann & Hilborn 2001, Rose et al. 
2001).  
1.3 ALLEE EFFECTS 
An Allee effect is defined as a positive effect of increasing density on fitness (e.g., per capita 
survival or reproductive output, Allee 1931, Stephens et al. 1999, Gascoigne & Lipcius 2004). 
Allee effects fall into two categories: component and demographic. Component Allee effects are 
driven by mechanisms such as cooperative feeding and difficulty finding mates that cause a 
component of individual fitness – such as fertilization success – to increase as density increases 
(Stephens et al. 1999, Kramer et al. 2009). In fisheries literature the equivalent of a component 
Allee effect is a ‘depensation mechanism’ as in Liermann & Hilborn (1997). If these component 
Allee effects are not offset by negative density dependence in other components of fitness (i.e. 
food and nutrient competition), together they may cause demographic Allee effects, or positive 
density dependence in the per capita population growth rate. These demographic Allee effects 
are equivalent to depensation in fisheries literature (Gascoigne & Lipcius 2004).  
Although conclusive examples of Allee effects in Mollusca, Arthropoda, and Chordata have 
been reviewed in Kramer et al. (2009), data are limited for many important fisheries species. 
With the decline of global marine populations due to overexploitation, the question of whether 
fertilization success is a depensatory effect in fish populations has become not only an important 
focus for fisheries stocks, but for the recovery of entire ecosystems (Myers et al. 1995, Petersen 
& Levitan 2001, Rowe et al. 2004).  
 
	  5	  
	  
 
1.4 BROADCAST SPAWNER FERTILIZATION STUDIES 
The maximum number of eggs that can become larvae or the maximum potential recruitment 
for a given population is set by fertilization success. Whether or not fertilization success 
constrains the reproductive success of free-spawners (including broadcast spawners) became a 
subject of increased investigation in the 1980s that coincided with interest in supply-side ecology 
(reviewed in Levitan & Petersen 1995).  Green sea urchins (Strongylocentrotus droebachiensis) 
were one of the first broadcast spawners to be manipulated for complementary laboratory and 
field experiments (Pennington 1985). Using simple KCl injections in the lab, Pennington (1985) 
determined the effects of sperm dilution and gamete age on percent fertilized eggs. In the field, 
the percentage of eggs fertilized dropped drastically at distances greater than 20 cm downstream 
from an induced spawning male (Pennington 1985). This kind of complementary field 
manipulation and laboratory study paved the way for similar studies on other broadcast 
spawners, especially echinoderms (Levitan 1991, Levitan et al. 1992, Levitan and Young 1995, 
Styan 1998a, Babcock & Keesing 1999, Wahle & Peckham 1999, Styan & Butler 2003, Metaxas 
et al. 2002, Gaudette et al. 2006). 
Evidence that fertilization success is an important factor controlling reproductive success 
comes from three types of data: (1) observations of low fertilization rates during natural 
spawning events across a range of free spawning taxa (bluehead wrasse, Thalassoma 
bifasciatum, Petersen et al. 1992, Warner et al. 1995; hard corals, Montipora digitata, Favites 
pentagona, Platygyra sinensis, Oliver & Babcock 1992, Acanthaster planci, Babcock & Mundy 
1992; soft corals, Briareum asbestinum, Brazeau & Lasker 1992; holothurians, Bohadschia 
argus, Holothuria coluber, Actinopyga lecanora, Babcock et al. 1992; sea urchins, 
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Strongylocentrotus droebachiensis, Wahle & Peckham 1999, Gaudette et al. 2006); (2) 
laboratory and field experimental manipulations (Pennington 1985, Desrosiers et al. 1996, 
Babcock & Keesing 1999, Wahle & Peckham 1999, Metaxas et al. 2002); and, (3) hydrodynamic 
simulation models of gamete dilution (Denny 1988, Denny & Shibata 1989, Claereboudt 1999). 
Many of these studies suggest that fertilization success can be quite variable (e.g. B. argus: 0-
96%, H. coluber and A. lecanora: 9-83%, Babcock et al. 1992; A. planci: 23-83%, Babcock & 
Mundy 1992; S. franciscanus: 0-82%, Levitan et al. 1992; S. droebachiensis: 5-60%, Wahle & 
Peckham 1999). Observed large ranges in fertilization success indicates that there is potential to 
greatly influence larval production. Questions still remain as to whether a) sperm limitation is 
common in free spawners and influences spawner-to-recruit dynamics, especially in depleted 
populations of commercial species, and whether b) sperm limitation constrains the life-history 
evolution of broadcast-spawners to favor morphologies and behaviors that enhance fertilization 
(Coma & Lasker 1997). 
In theory, as population size and densities of free spawners decline, fertilization efficiency 
should decline with increasing distance between adults. Echinoid population manipulations have 
corroborated this theory by demonstrating that increasing nearest neighbor distances reduce 
fertilization success as the overall population size gets smaller (see Levitan & Young 1995). 
However, the degree to which Allee effects (Allee 1931) operate in natural (unmanipulated) 
populations is not well understood. Whether fertilization success manifests as a demographic 
Allee effect at a certain population density still remains in question for broadcast spawners in 
general (Yund 2000, Petersen & Levitan 2001, Gascoigne & Lipcius 2004). This is particularly 
important question for fisheries of sedentary invertebrates, such as sea urchins (Lundquist & 
Botsford 2004, 2011), scallops (Smith & Rago 2004), abalone (Seamone & Boulding 2011) and 
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oysters (Hawes et al. 2011). These heavily exploited species may be particularly vulnerable to 
recruitment failure due to their limited mobility and therefore ability to aggregate. 
1.5 SEA SCALLOPS 
While methods of in situ fertilization studies on model vertebrate (e.g. bluehead wrasse; 
Petersen et al. 2001) and invertebrate (e.g. sea urchins, Levitan 2002) species have proven 
successful, more commercially exploited broadcast spawners, such as the Atlantic sea scallop P. 
magellanicus, have been neglected. Despite the fact that many species of bivalve mollusk are 
spawned in aquaculture and husbandry settings, to our knowledge fertilization experiments in the 
field have been conducted on only two congeners of scallop in southern Australia (Chlamys 
bifrons, Styan 1998a). The sea scallop, Placopecten magellanicus (Gmelin, 1971), of the 
northwest Atlantic has long provided one of the most profitable wild capture fisheries in the 
Northeast U.S. and Atlantic Canada. The sea scallop is not considered a model species with 
which to conduct fertilization experiments, either in the field or the laboratory, due to its 
relatively unpredictable and uncontrollable spawning and short egg half-life. However, due to 
their commercial importance, there are compelling reasons to better understand fertilization 
dynamics in sea scallops. 
Sea scallops (Placopecten magellanicus) have been threatened by overfishing in the 1980s 
and 1990s. Over the past decade, area closures have been a successful mainstay of scallop 
fishery management in U.S. federal waters off southern New England and the Mid Atlantic (Hart 
& Rago 2006). The scallop is an example of a commercially exploited species that has 
rebounded dramatically within area closures after severe depletion and is now lauded as a 
success story in fisheries management. It is also an example of a species for which efforts to 
quantify the spawner-recruit relationship (SRR) has met with mixed success. Whereas the SRR 
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was successfully detected in the scallop stock on Georges Bank (McGarvey et al. 1993), it has 
not been reliable and has not been detected in other regions of the western Atlantic scallop stock.  
Rotational closures in the Mid Atlantic, such as Hudson Canyon South, have shown an 
increase in scallop biomass during closure periods (Hart 2012). Scallops in closed areas have the 
opportunity to grow larger (Stokesbury et al. 2004, Beukers-Stewart et al. 2005), and therefore 
more fecund (Langton et al. 1987). Size-for-size, scallops inside closed areas are reported to 
have larger gonads and meat weights than those in fished areas, allegedly because of lower injury 
rates from fishing gear (e.g. Kaiser et al. 2007). These findings fuel earlier hypotheses that the 
absence of fishing activity may benefit reproductive performance by leaving spawning 
aggregations undisturbed (Stokesbury & Himmelman 1993, Stokesbury 1999). Whether these 
dramatic changes in distribution and abundance influence spawning activity and fertilization 
success in scallops is unclear.  
1.6 DISSERTATION GOALS  
The goal of this dissertation is to develop tools to study and better understand fertilization 
dynamics at the scale of an individual and a small population (aggregation) in a commercially 
exploited broadcast spawner, the sea scallop. The central question of my dissertation is whether 
population density affects fertilization success. My hypotheses are that (1) fertilization success  
depends on population density in dockside field trials (Chapter 2), and (2) based on existing 
fertilization models, we predict an Allee effect on fertilization success in experimental field 
populations spanning a 10-fold difference in population density (Chapters 3).  In Chapter 2, I 
develop and test a method of measuring fertilization success in the field. I complement the field 
method with laboratory studies to examine gamete dilution effects, and flume experiments to test 
method artifacts. In Chapter 3, I drew upon existing video survey data from natural scallop beds 
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and a sperm advection-diffusion and fertilization model to predict differences we would expect 
from a 10 fold difference in population density given realistic densities observed in natural 
spawning population. I then compared our field results to model predictions. In Chapter 4, I 
develop a genetic fluorescent probe using quantitative real-time polymerase chain reaction 
(qPCR) methods to detect and quantify sea scallop gametes in seawater.  To our knowledge this 
is the first genetic probe developed to detect and quantify P. magellanicus DNA in situ. 
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CHAPTER 2 
MEASURING SCALLOP FERTILIZATION SUCCESS IN THE FIELD: CHAMBER 
DESIGN AND TEST 
2.1 ABSTRACT 
 We developed and tested a method to field test fertilization success in the sea scallop 
Placopecten magellanicus, a commercially valuable and sedentary broadcast spawner in the 
northwest Atlantic. A laboratory sperm dilution series determined maximum fertilization success 
expected in the field and assessed gamete longevity. We also developed and flume-tested a 
fertilization chamber to assess ambient water-column sperm loads near field populations. We 
then conducted a series of dockside field trials using these chambers over the course of the late 
summer spawning season in coastal Maine, USA. Chambers were deployed among experimental 
populations of scallops to assess effects of local spawner abundance and location on time-
integrated fertilization success. In dilution-series experiments, maximum fertilization success 
occurred at sperm concentrations >107 sperm ml–1. Egg longevity fell to zero between 8 and 24 h 
at ambient temperatures of 12°C, and sperm half-life shortened from 2 h to 9 min with a 10-fold 
dilution from a sperm concentration of 107 cells ml–1. Flume trials demonstrated chamber 
artifacts: fertilization was lower inside the chamber and the effect was greater at higher flow 
rates, but chamber orientation to flow had no effect. Increasing the numbers of eggs tended to 
reduce fertilization efficiency. In dockside tests, a 30-fold difference in spawner numbers had a 
significant effect on fertilization success. Notwithstanding acknowledged chamber artifacts due 
to flow impedance, this study establishes the feasibility of time-integrated fertilization 
experiments with scallops and sets the stage for further investigations of fertilization dynamics in 
natural scallop populations. 
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2.2 INTRODUCTION 
Broadcast spawners, organisms that reproduce by releasing their gametes into the water 
column, are thought to pay a reproductive price in the form of sperm limitation when their 
populations are small or sparse (Petersen & Levitan 2001). Fertilization success and the potential 
for sperm limitation in broadcast spawners became a focus of study in the 1980s (reviewed in 
Levitan 1995, Levitan & Sewell 1998). The question remains, however, whether sperm 
limitation is common in wild populations of broadcast spawners and ultimately influences larval 
production and recruitment to adult populations, especially those that are commercially exploited 
and depleted (Coma & Lasker 1997). The degree to which these so-called depensatory or Allee 
effects (Allee 1931) operate in sparse natural populations is not well understood and remains a 
subject of debate for broadcast spawners in general (Yund 2000, Petersen & Levitan 2001, 
Gascoigne & Lipcius 2004) and, particularly, in managing commercially exploited sedentary 
invertebrates, including sea urchins (Quinn et al. 1993, Lundquist & Botsford 2004, 2010), 
scallops (Smith & Rago 2004), abalone (Shepherd & Partington 1995, Seamone & Boulding 
2011), and oysters (Hawes et al. 2011). Sperm dilution in broadcast spawners is one type of 
depensatory effect (reviewed in Myers et al. 1995, Liermann & Hilborn 1997). In theory, as 
population sizes or densities decline, per capita fertilization is predicted to decline with 
increasing distance between adults. Experimental population manipulations further suggest that 
nearest-neighbor distances become more important to fertilization success as the overall 
population size gets smaller (Levitan & Young 1995).   
Sperm dilution and its limitation in wild populations of broadcast spawners has been 
studied: (1) through observations of low fertilization success during natural spawning events 
across a range of free-spawning taxa (bluehead wrasse Thalassoma bifasciatum, Petersen et al. 
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1992, Warner et al. 1995; hard corals, Montipora digitata, Favites pentagona, Platygyra 
sinensis, Oliver & Babcock 1992; Acanthaster planci, Babcock & Mundy 1992; soft corals, 
Briareum asbestinum, Brazeau & Lasker 1992; holothurians, Bohadschia argus, Eupta 
godeffroyi, Stichopus variegatus, Holothuria coluber, Actinopyga lecanora, Bohadschia graffei, 
Babcock et al. 1992; sea urchins, Strongylocentrotus droebachiensis, Wahle & Peckham 1999, 
Gaudette et al. 2006); (2) in laboratory and field experimental manipulations (Pennington 1985, 
Desrosiers et al. 1996, Babcock & Keesing 1999, Wahle & Peckham 1999, Metaxas et al. 2002); 
and, (3) using hydrodynamic simulation models of gamete dilution (Denny 1988, Denny & 
Shibata 1989, Claereboudt 1999). These examples indicate that we should expect a wide range of 
fertilization success under varying conditions in nature. 
Field experiments with experimentally tractable species have contributed considerably to 
understanding the importance of sperm limitation in the wild, but they also illustrate the 
challenges of measuring fertilization in situ. Some investigators have collected naturally 
spawned gametes in the wild using various pumps, filters, suction samplers and large bags (e.g. 
Levitan 1991, Petersen et al. 1992, Warner et al. 1995, Styan 1997, Petersen et al. 2001). These 
methods may bias estimates of fertilization by artificially exposing eggs to high concentrations 
of sperm for longer than they would normally experience (Levitan 1995). Fertilization kinetic 
models predict that most sperm and egg collisions occur within the first few seconds of exposure 
and experimental artifacts biasing the measure of fractions of eggs fertilized may come from 
artificially altering the duration of exposure (Vogel et al. 1982, Styan 1998b). Several field 
studies have deployed freshly spawned, unfertilized eggs in synthetic mesh (e.g. nylon) 
chambers that retain the eggs but are permeable to sperm (Levitan et al. 1992, Levitan & Young 
1995, Wahle & Peckham 1999, Gaudette et al. 2006). Such chambers inevitably alter natural 
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transport of gametes and can produce experimental artifacts by impeding the flow through 
containers while keeping eggs stationary, which increases the amount of water and therefore the 
amount of sperm sampled by eggs (Levitan 1991, Levitan et al. 1992). Nonetheless, these 
methods have been recommended for eggs that are barely visible and at low concentrations 
(Styan 1997). Although egg chambers may alter absolute fertilization success, most 
experimentalists accept that such interventions provide a reasonable relative measure of 
fertilization success among treatments (Levitan et al. 1992, Levitan & Young 1995, Wahle & 
Peckham 1999, Yund & Meidel 2003, Gaudette et al. 2006).   
Despite the fact that many species of bivalve mollusk are spawned in aquaculture and 
husbandry settings, to our knowledge fertilization experiments in the field have been conducted 
on only 2 congeners of scallop in southern Australia (Chlamys bifrons, Styan 1998a). The sea 
scallop, Placopecten magellanicus (Gmelin, 1971), of the northwest Atlantic has long provided 
one of the most profitable wild capture fisheries in the northeastern USA and Atlantic Canada. 
Although the fishery was widely depleted in the 1970s and 80s, subsequent management through 
effort controls and area closures resulted in an impressive resurgence of the population (Hart & 
Rago 2006). Historically, though, scallop landings have been notoriously variable, with peaks in 
abundance associated with the episodic recruitment of one or a few year classes (Hart & Rago 
2006). Determinants of recruitment success are still not well understood, though predator 
abundance and presence of filamentous organisms are thought to be drivers (Stokesbury & 
Himmelman 1995). Although key components of recruitment, such as adult gamete production, 
larval transport and mortality have been subjects of intensive study (Langton et al. 1987, 
Tremblay et al. 1994, Wong & Barbeau 2003), recent literature exposes a critical gap in 
empirical data on spawning and fertilization (Stokesbury 1999, Smith & Rago 2004, Orensanz et 
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al. 2006). Current larval production and recruitment models for scallops, indeed most free 
spawners, must make untested assumptions about the relationship between spawner abundance, 
degree of aggregation, and reproductive success (McGarvey et al. 1993, Smith & Rago 2004).   
Although the commercial importance of P. magellanicus provides a compelling reason to 
study its fertilization dynamics, bivalve mollusks as a group do not lend themselves well to such 
study. Unlike model taxa such as sea urchins, which are relatively easy to induce to spawn with 
simple potassium chloride (KCl) injections during their reproductive season (e.g. Pennington 
1985, Levitan 1991, Levitan et al. 1992, Wahle & Peckham 1999), in our experience and for 
others (see Styan 1998) scallops and are more difficult to induce predictably, sperm is more 
difficult to collect in concentrated form, egg longevity is shorter, and embryonic stages are more 
difficult to distinguish than for the echinoderm models used in previous studies. 
In this study, we developed a reliable method to measure fertilization success in P. 
magellanicus which possibly can be applied to other species of scallops. First, we developed a 
fertilization chamber to assess ambient sperm loads in field populations of scallops. Next, we 
evaluated potential bias and artifacts of the fertilization chamber by conducting flume trials 
comparing the fraction of eggs fertilized within the chamber versus outside, on the flume floor. 
Finally, we conducted a series of dockside, time-integrated fertilization field trials using these 
chambers to assess population size and location effects on fertilization success over the course of 
the late summer spawning season in coastal Maine, USA. 
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2.3 METHODS  & MATERIALS 
2.3.1 Broodstock collection and spawning induction 
Divers collected scallop Placopecten magellanicus broodstock from Muscongus Bay, 
Somes Sound, and the Damariscotta River, Maine. Scallops were held in lantern nets hung from 
a floating raft and in flowing seawater trays at the University of Maine’s Darling Marine Center 
on the Damariscotta River. As seawater temperature approached 10–12°C in late June, we began 
rotating females from the rafts to flowing seawater trays. To prevent potential sperm 
contamination, all water used in the aquaculture facility was filtered to 5 µm, run through an 
ultraviolet treatment and aged for at least 24 h before female scallops were introduced. Scallops 
were fed twice daily with a phytoplankton mixture (50–80% Tetraselmis chuii, strains PLY and 
Plat P, with the remainder split between T and C strains of Isochrysis galbana, and Chaetoceros 
mulleri and C. calcitrans) from the center’s algal culture laboratory. Males were held apart from 
females. 
We used thermal shock and circulation to induce spawning in females. Females were kept 
at mid-summer ambient temperatures of about 15–18°C and were immersed in 10–12°C water as 
a thermal shock. We used air stones and submersible pumps to create water motion as an added 
spawning stimulus (Desrosiers & Dube 1993). To collect eggs from those females that spawned, 
we turned off the circulation, removed the scallops, separated them from the water and finer 
particles with a 45 µm sieve, and then transferred eggs to a beaker or test tube with fresh 
seawater to settle. To collect sperm, we either induced spawning with the same temperature 
shock method or dissected the gonad. With the induction method, to maximize the starting 
concentration of sperm, males were covered with only as much seawater as would immerse the 
shell. Sperm concentrations were verified by manual counts using a hemocytometer under a 
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compound microscope. To obtain sperm from a single male gonad dissection, a small section of 
ripe male gonad was excised and dipped in approximately 50 ml of seawater to create a highly 
concentrated sperm source for the dilution series (strip-spawning). Further dilution was then 
usually needed to approximate the starting sperm concentrations used, as described in the 
methods below. 
2.3.2 Sperm dilution series and gamete longevity experiments 
To determine the relationship between sperm concentration and fertilization success, we 
measured the fraction of eggs fertilized over a series of ten 10-fold sperm dilutions in test tubes. 
Seawater used in these experiments was filtered through a 5 µm filter and aged in 10 l carboys 
for at least 2 d. Fresh gametes were collected from scallops induced to spawn; eggs were used 
within 5 h and sperm within 30 min of spawning. A highly concentrated sperm suspension was 
used to start the dilution series. Freshly spawned eggs were allowed to settle in a test tube, and 
400 µl of the concentrated eggs (~2000–5000 by number) were added to a 4 ml sample of each 
sperm dilution, as well as to a seawater control with no sperm to evaluate the probability of false 
positives. Eggs were incubated at 12°C for 4 h and shaken by hand every 15 min during this 
period. Finally, samples were fixed with 66 µl of buffered 37% formalin to be scored by 
developmental stage. 
We conducted gamete longevity experiments because to our knowledge no such studies 
had been published for this species and we needed to quantify it for subsequent experiments and, 
specifically, to set the duration of field deployments of unfertilized eggs. To evaluate egg 
longevity after spawning, we introduced fresh sperm to eggs of increasing age. Eggs were 
introduced to sperm suspensions at 1, 2, 4, 8, 24 and 48 h post-spawning. Eggs were aged in 
seawater at 12°C. At each time interval, fresh sperm were obtained and sperm dilutions were 
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prepared as above. As in the dilution series, 400 µl of eggs were added to 4 ml of sperm 
dilutions. Saturating sperm concentrations of approx. 108 spermatozoa ml–1 were used to avoid 
sperm limitation, but not so high as to produce a decrease in fertilization presumably from 
polyspermy, as determined from the sperm dilution series. Eggs were incubated, fixed and scored 
as above. It is important to note that these egg viability experiments determined the duration of 
field trials. 
Sperm longevity is well known to be strongly reduced by dilution in seawater because of 
the respiratory dilution effect Chia & Bickell 1983). To quantify this effect in the sea scallop, we 
created 3 intermediate sperm dilutions based on the dilution series above. The viability of sperm 
was determined by fertilizing 400 µl fresh eggs (<1 h aged) with 4 ml sperm aged 1, 15, 30, 60, 
and 120 min at 12°C. The maximum time sperm was aged in this experiment was 2 h. Sperm 
half-life is the time it takes in hours (t) for fertilization success to drop to half of their initial 
value with newly spawned sperm. This was estimated from a power function fitted to the 
observed data for the 3 sperm dilutions in Excel (v.14.5.4). 
2.3.3 The flume 
All flume experiments were conducted in a flow-through flume described by Yund & 
Meidel (2003). The flume measured 0.5 m wide and 8 m long from inlet to outlet. The working 
area of the flume, where we conducted our experiments, was limited to a 3 m segment 0.5 m 
wide. Large flow structures (vortices) were suppressed with a collimator as described by Thomas 
et al. (2013). The walls and floor were made of clear acrylic, 9 mm thick, and the floor was 
covered with Lego™ base plates (0.25 × 0.25 m) to approximately match the roughness 
Reynolds number observed in the field (Nowell & Jumars 1987). The flume was filled with 
seawater gravity fed from a head tank that received seawater pumped from the Damariscotta 
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River. It was filled to a depth of 0.2 m above the Lego™ base plates. Flow rates were set by 
timing how long it took a bolus of dye released 2 cm above the bottom to travel the first 1 m of 
the working section of the flume. We adjusted a valve from the head tank until the desired flow 
velocity of 5 or 10 cm s–1 was achieved. We used the average of 10 dye tests to confirm the 
desired flow. 
 
Fig. 2.1. Fertilization Assay Chamber: (a) fixed to a cement block for bottom deployments 
(flume experiments) and (b) hanging on a weighted line for water-column deployments (field 
experiments). White arrows indicate flow-through areas with 40 µm nylon mesh. Chambers are 
15 mm inner diameter x 70 mm high 
 
2.3.4 Fertilization chamber design 
We designed a fertilization chamber constructed with PVC pipe (Fig. 2.1, 15 mm inner 
diameter × 70 mm height) that could be easily deployed for time-integrated fertilization trials in 
the field. To maintain flow, the chamber was open on the sides, bottom and top; the top consisted 
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of a removable PVC screw cap. Openings, constituting a total area of 15.56 cm2, were covered 
with 40 µm nylon mesh to retain scallop eggs, which average 70 µm in diameter. In flume 
experiments chambers were deployed fastened to a ceramic tile placed on the flume floor on a 
threaded base (Fig. 2.1a). In the dockside field experiments they were suspended in the water 
column on a weighted line (Fig. 2.1b) because the experimental adult spawners were also 
suspended off the dock in lantern nets. In both configurations water was able to pass through 
both ends and on all sides of the chamber.  
 
Fig. 2.2. Flume Experiment Design: Concept sketch of flume experimental layout of a textured 
tile and fertilization chamber.  Textured tiles were used to prevent eggs rolling downstream 
 
2.3.5 Flume experiments to assess chamber artifacts 
Laboratory flume experiments were conducted to evaluate artifacts associated with 
scallop egg chambers. Here we compared fertilization success of eggs enclosed in the 
fertilization chamber (container) to those exposed (no-container) on textured tiles under different 
flow conditions. If chambers inhibit or divert flow, we might predict that fertilization success 
from eggs in the chamber would be lower on average than those on the flume floor. 
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Chambers were fastened to a ceramic tile on the floor of the flume as in Fig. 2.1a. 
Textured tiles consisted of plastic tiles lying flat on the flume floor, textured to prevent eggs 
rolling downstream (Fig. 2.2). Fiberglass window screening (1.2 mm mesh) glued to the tiles 
provided the texture. The tiles represented a convenient simulation of a seabed that trapped 
sinking eggs, but otherwise did not constrain fluid exchange as chambers do. Except where 
otherwise noted, each trial used 0.25 ml of concentrated eggs. Concentrated sperm (60 ml) was 
collected from strip-spawned, ripe males. For each experiment sperm was released at high 
concentration 0.5 m upstream of experimental eggs and 2 to 3 cm above the flume floor over a 
period of 5 s while the syringe was moved across stream from one side of the flume to the other. 
We evaluated the effects of container vs. no-container over a range of velocities (5 vs. 10 
cm s–1) typically found within a few cm of the seabed in tidal estuaries where scallops are 
common. While flow speed and turbulence intensity are confounded with the time interval that 
the eggs are exposed to sperm, this comparison may be useful for a rudimentary understanding of 
flow effects and detection of gross container artifacts. In this experiment 5 trials were conducted 
at 10 cm s–1 and 9 at 5 cm s–1. For this experiment the proportion of fertilized eggs (f) that 
developed to one polar body after a 4 h incubation were logit-transformed (log (f / [1–f])) as 
recommended by Warton & Hui (2011) to improve normality. We evaluated effects with a 2-
factor ANOVA on the transformed proportions of eggs fertilized. In 2 additional, separate, 
single-factor experiments, we tested the effect on fertilization success of the chamber’s screen-
face orientation to flow (0 vs. 90° in 6 trials) and the quantity of settled eggs in the chamber 
(0.25 vs. 1.5 ml in 10 trials). Results were logit-transformed and analyzed with a single-factor 
ANOVA. All flume data were analyzed using the statistical software program JMP (v.5.1.2). 
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We ran separate control trials on each batch of eggs to confirm viability and to test eggs 
for sperm contamination or early cleavage without fertilization. Eggs were incubated for 4 h in 
the water they were released in and then fixed in buffered 4% seawater formalin. The criterion 
for successful fertilization was the appearance of one polar body (Desrosiers et al. 1996). If 
controls from a trial were contaminated or non-viable, those trials were not included the analysis. 
2.3.6 Gonadosomatic indices and spawning season 
The primary purpose of monitoring gonadosomatic indices (GSIs) was to be sure we 
were conducting our dockside fertilization experiments during the spawning period in the upper 
and lower river populations. To have an independent indication of onset and progression of the 
spawning season during our field experiment, we monitored changes in the GSI of separate 
groups of mature scallops (shell height: 78–153 mm) in the lower and upper Damariscotta River 
estuary. These populations were located ≥1 km from the dockside experiments. Starting in early 
July, at weekly intervals, we dissected a subsample of at least 20 individuals that had a minimum 
of 9 of each sex (male and female) randomly drawn from a starting stock of ~200 individuals. 
The GSI was measured as the wet mass of the gonad as a proportion of total soft tissue body 
mass without the shell (Barber et a. 1988, Langton et al. 1987, Parsons & Dadswell 1992). 
Tissue was blotted with paper towels before measurements. Although there are other methods to 
obtain more accurate measures of weight change during spawning (e.g., Bonardelli & 
Himmelman 1995), our method served the primary purpose of ensuring our fertilization 
experiments were concurrent with the spawning season of the local population. However, to 
ensure that shell height (as a measure of scallop maturity) did not significantly influence GSI we 
ran a simple ANCOVA using JMP (v.5.1.2) for the 2 dates (July 31 and August 7, 2013) when 
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we saw the greatest decrease in GSI over the spawning season using shell height as a covariate 
for both population sites. 
2.3.7 Dockside abundance manipulations 
This experiment was a 2-factor design in which we manipulated scallop abundance (1, 4 
or 30 male scallops paired with an equal number of females) at 2 locations (upper and lower 
segments of the Damariscotta River). Scallops were suspended in lantern nets (mesh size 21 mm, 
3 m × 0.20 m2 of net bottom) with the top of the nets 1–2 m below the surface off private docks 
available along the 2 locations of the river for each abundance treatment. The upper and lower 
locations of the river were separated by ~5 km, and docks within each location were situated at 
least ~1 km from each other in an effort to prevent sperm contamination among abundance 
treatments. There was a total of 6 abundance treatments for the 2 experimental locations in the 
river. On each dock we hung 3 fertilization chambers as in Fig. 2.1b within 1 m of the scallops in 
the net. Four 24 h trials were conducted during the spawning season (26, 30, 31 July and 3 
August 2013). 
To assess relative differences in flow rate at each site, we deployed clod cards (e.g. 
McClanahan et al. 2005). Clod cards are plaster of Paris cubes that erode with exposure to a flow 
field, thereby giving a relative index of flow. The percent change in weight of 2 clod cards at 
each site was normalized to controls that were submerged in calm seawater in a bucket for the 
same period. Clod cards were deployed for three 24 h periods in August, September, and October 
2013 to estimate relative flow between sites. These results were logit-transformed and used as a 
covariate in the statistical analysis of abundance and location effects on fertilization success. 
As with the flume trials, we conducted parallel control assays to assure that eggs were 
viable and not contaminated with sperm. To assess egg viability in these longer-term, 24 h trials, 
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we fertilized a sample of eggs with a saturating dose of sperm and set it aside to incubate for the 
duration of the trial at ambient water temperature. Unlike flume trials that incubated for only 4 h, 
the criterion for successful fertilization in this experiment included the blastula and all 
subsequent stages of embryonic development, if present. Although earlier cell division stages 
were present in these trials, we considered the blastula the most conservative measure of 
fertilization success given the occasional presence of earlier stages observed in our sperm-free 
controls. For all samples we subtracted the percentage of developed blastulae in controls from 
the experimental values observed in the field for that trial before conducting our statistical 
analysis of the field results. 
The proportion of fertilized eggs that were scored as blastula stage or more advanced 
were logit-transformed before statistical analysis. Statistical analysis for the dockside experiment 
consisted of a 2-factor ANCOVA with site and abundance as fixed factors and using clod card 
weight change as a covariate (JMP v.5.1.2). 
2.4 RESULTS 
2.4.1 Sperm dilution series and gamete viability 
We observed maximal fertilization success at concentrations >107 sperm cells ml–1. As 
expected, fertilization success increased with increasing sperm concentration to a maximum. 
Above that, fertilization success decreased (Fig. 2.3a). Egg viability was strongly affected by egg 
age (Fig. 2.3b). In all sperm dilutions egg viability fell over the course of 24 h. By 8 h, however, 
fertilization success had generally not yet fallen to half the maximum fertilization observed for 
newly spawned eggs. By 24 h, eggs were no longer viable. 
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The effect of age on sperm viability depended on the degree of dilution (Fig. 2.3c). At the 
most dilute of the 3 plotted treatments (~106 sperm ml–1), sperm half-life was calculated to be ~9 
min (f = 0.06t–0.47, R2 = 0.86). At the intermediate dilution (~107 sperm ml–1) sperm half-life 
increased to ~2 h (f = 0.38t–0.17, R2 = 0.94), and in the most concentrated suspension (~108 sperm 
ml–1) sperm half-life far exceeded the 2 h duration of the experiment. 
2.4.2 Flume fertilization chamber artifacts 
When we varied flow velocity, we again found a significant container effect, but not a 
significant overall effect of flow velocity (Fig. 2.4a, Table 2.1). Doubling flow velocity from 5 to 
10 cm s–1 appeared to introduce enough variability in the outcome of the trials to render flow 
velocity and interactive effects non-significant at this level of replication. A post hoc test of 
container effects at the separate flow velocities revealed a significant negative effect of the 
chamber at the slower but not the faster flow velocity, although results at the higher flow 
velocity also trended in the same direction (5 cm s–1 t-ratio = –2.06, df = 14.5, p = 0.03; 10 cm s–
1 t-ratio = –1.43, df = 7.7, p = 0.096). Given the number of replicate trials for the flow speed 
experiment, sufficient statistical power (β ≥ 0.8) resolved a difference of ~0.68 standard 
deviations or more. 
Finally, in our single-factor experiments conducted at a flow velocity of 5 cm s–1, 
orientation of the nylon mesh chamber to flow had no significant effect on fertilization (Fig. 
2.4b, Table 2.1). However, a 6-fold increase in the quantity of eggs per container significantly 
reduced fertilization levels by approximately 50% (Fig. 2.4c, Table 2.1).  
  
	  25	  
	  
 
Fig. 2.3. Gamete Dilution Results: Mean (± SE) fertilization success (a) over a series of ten 10-
fold sperm dilutions (n= 7 trials), (b,c) under different sperm dilutions with (b) different egg ages 
(n = 3 trials per egg age treatment, only one trial at 6 h, control sperm dilution indicates no sperm 
in experiment [n = 1 trial]), and (c) sperm aged over 2 h (n = 4 trials per sperm age treatment) 
 
 
 
Bayer et al.: Measuring fertilization success in scallops
The effect of age on sperm viability depended on
the degree of dilution (Fig. 3c). At the most dilute of
the 3 plotted treatments (~106 sperm ml−1), sperm
half-life was calculated to be ~9 min (f = 0.06t−0.47, R2
= 0.86). At the intermediate dilution (~107 sperm
ml−1) sperm half-life increased to ~2 h (f = 0.38t−0.17,
R2 = 0.94), and in the most concentrated suspension
(~108 sperm ml−1) sperm half-life far exceeded the 2 h
duration of the experiment.
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all effect of flow velocity (Fig. 4a, Table 1). Doubling
flow velocity from 5 to 10 cm s−1 appeared to intro-
duce enough variability in the outcome of the trials to
render flow velocity and interactive effects non-sig-
nificant at this level of replication. A post hoc test of
container effects at the separate flow velocities re -
vealed a significant negative effect of the chamber at
the slower but not the faster flow velocity, although
results at the higher flow velocity also trended in the
same direction (5 cm s−1, t = −2.06, df = 14.5, p = 0.03;
10 cm s−1, t = −1.43, df = 7.7, p = 0.096.). Given the
number of replicate trials for the flow speed experi-
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Fig. 4. Flume fertilization chamber artifact experiments. Comparison of mean (+1 SE)  fertilization success in (a) nylon mesh
chambers and on horizontal textured tiles at 2 different flow rates (n = 14 trials), as well as (b) the effects of chamber orienta-
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Fig. 2.4. Flume Experiment Results: Comparison of mean (+ SE) fertilization success in (a) 
nylon mesh chambers and on horizontal textured tiles at 2 different flow rates (n = 14 trials), as 
well as (b) the effects of chamber orientation to flow (n = 6 trials), and (c) quantity of eggs inside 
the chamber (n = 10 trials). Inset figures in (b) denote cross section of fertilization chamber with 
nylon screen windows (dashed line) and supporting frame (black square) 
 
Table 2.1. ANOVA for treatment effects on logit-transformed fertilization proportions given in 
Fig. 2.4: (A) container x flow, (B) chamber orientation, and (C) egg quantity. Significant p 
values (p < 0.05) are in bold.  
Bayer et al.: Measuring fertilization success in scallops
The effect of age on sperm viability depended on
the degree of dilution (Fig. 3c). At the most dilute of
the 3 plotted treatments (~106 sperm ml−1), sperm
half-life was calculated to be ~9 min (f = 0.06t−0.47, R2
= 0.86). At the intermediate dilution (~107 sperm
ml−1) sperm half-life increased to ~2 h (f = 0.38t−0.17,
R2 = 0.94), and in the most concentrated suspension
(~108 sperm ml−1) sperm half-life far exceeded the 2 h
duration of the experiment.
Flume fertilization chamber artifacts
When we varied flow velocity, we again found a
significant container effect, but not a significant over-
all effect of flow velocity (Fig. 4a, Table 1). Doubling
flow velocity from 5 to 10 cm s−1 appeared to intro-
duce enough variability in the outcome of the trials to
render flow velocity and interactive effects non-sig-
nificant at this level of replication. A post hoc test of
container effects at the separate flow velocities re -
vealed a significant negative effect of the chamber at
the slower but not the faster flow velocity, although
results at the higher flow velocity also trended in the
same direction (5 cm s−1, t = −2.06, df = 14.5, p = 0.03;
10 cm s−1, t = −1.43, df = 7.7, p = 0.096.). Given the
number of replicate trials for the flow speed experi-
147
Fig. 3. Mean (±1 SE) fertilization success (a) over a series of
ten 10-fold sperm dilutions (n = 7 trials), (b,c) under different
sperm dilutions with (b) different egg ages (n = 3 trials per
egg age treatment, only one trial at 6 h, control sperm dilu-
tion indicates no sperm in experiment [n = 1 trial]), and (c)
sperm aged over 2 h (n = 4 trials per sperm age treatment) 
Chamber Textured tile 90° 0°
a b c50
45
40
35
30
25
20
15
10
5
0
50
45
40
35
30
25
20
15
10
5
0
50
45
40
35
30
25
20
15
10
5
0
5 cm s–1
10 cm s–1
0.25 1.5
Eggs (ml)Orientation
Fe
rt
ili
za
tio
n 
(%
)
Fig. 4. Flume fertilization chamber artifact experiments. Comparison of mean (+1 SE)  fertilization success in (a) nylon mesh
chambers and on horizontal t xtured tiles at 2 different flow rates (n = 14 trials), as well s (b) the eff cts of ch mber orienta-
tion to flow (n = 6 trials), and (c) quantity of eggs inside the chamber (n = 10 trials). Inset figures in (b) denote cross section of 
fertilization chamber with nylon screen windows (dashed line) and supporting frame (black squares)
A
ut
ho
r c
op
y
	  27	  
	  
 
2.4.3 GSI and spawning season 
The seasonal peak of scallop GSIs occurred in mid July at both upper and lower river 
locations, and then dropped considerably over a 2 wk period signaling the spawning event (Fig. 
2.5). In addition, we observed large standard deviations in GSI during this time; some scallops 
had spawned almost completely while others had yet to spawn. The ANCOVA results 
demonstrated that shell height was not significantly influential as a covariate in our upper river 
(F = 0.66, df = 1, p = 0.42) and lower river (F = 0.76, df = 1, p = 0.39) populations. Our 
observations in how GSI changed during the summer indicates that our 4 fertilization trials were 
deployed during the peak spawning season of the Damariscotta River scallop populations. 
Decline in GSI coincided with the first recorded temperature drop (i.e. a 1 to 2°C decrease, Fig. 
2.5) during summer at both sites, although temperatures tended to run about 2°C higher at the 
upper than the lower Damariscotta River study sites. 
2.4.4 Dockside abundance manipulations 
In our dockside experiment, higher male abundance had a strongly significant positive 
effect on fraction of eggs fertilized, whereas there was no significant location or interactive 
effect (Fig. 2.6, Table 2.2). Among-site differences in relative flow, our covariate, as measured 
by clod cards, also did not explain a significant amount of the variability in fraction of eggs 
fertilized (Table 2.2). Fraction of eggs fertilized in experimental populations with 30 males per 
lantern net were between 2 and 10 times higher than those in the lower abundance treatments at 4 
and 1 males per net. 
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Fig. 2.5. Male and Female GSI, and Temperature: Mean (± SD) gonadosomatic index (GSI) for 
female and male sea scallops and temperature time series from the upper and lower Damariscotta 
River in 2013. Minimum scallop sample size = 9 for both males and females 
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ment, sufficient statistical power (β ≥ 0.8) resolved a
difference of ~0.68 standard deviations or more.
Finally, in our single-factor experiments conducted
at a flow velocity of 5 cm s−1, orientation of the nylon
mesh chamber to flow had no significant effect on
fertilization (Fig. 4b, Table 1). However, a 6-fold
increase in the quantity of eggs per container signifi-
cantly re duced fertilization levels by approximately
50% (Fig. 4c, Table 1).
GSI and spawning season
The seasonal peak of scallop GSIs occurred in mid
July at both upper and lower river locations, and then
dropped considerably over a 2 wk period (July 24 to
August 7) signaling the spawning event (Fig. 5). In
addition, we ob served large standard deviations in
GSI during this time; some scallops had spawned
148
Source df MS F p
(A) Container × Flow
Container 1 0.2930 6.117 0.021
Flow 1 0.0460 0.959 0.337
Container × Flow 1 0.0050 0.112 0.741
Error 24 0.0420
Total 27
(B) Orientation
Orientation 1 <0.0001 1.90 × 10−6 0.999
Error 10 0.2550
Total 11
(C) Egg quantity
Quantity 1 0.736 6.084 0.024
Error 18 0.121
Total 19
Table 1. ANOVA for treatment effects on logit-transformed
fertilization proportions given in Fig. 4: (A) container × flow,
(B) chamber orientation, and (C) egg quantity. Significant 
p-values (p < 0.05) are in bold
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upper and lower Damariscotta River in 2013. Minimum scallop sample size = 9 for both males and females
A
ut
ho
r c
op
y
	  29	  
	  
 
Fig. 2.6. Dockside Fertilization Success Results: Mean (+1 SE) fertilization success at 3 scallop 
densities. Scallops housed in lantern nets spanned a 30-fold difference in abundance: high (30 
males per net), medium (4 males per net), and low (1 male per net) at 2 locations in the 
Damariscotta River 
 
Table 2.2. ANCOVA for the interactive effects of spawner abundance and location on the logit-
transformed dockside fertilization proportions given in Fig. 2.6. Significant p values (p < 0.05) 
are in bold. 
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2.5 DISCUSSION 
This study represents the first assessment of sea scallop Placopecten magellanicus 
fraction of eggs fertilized in a field experiment. Our flume experiments show that a statistically 
significant difference in fraction of eggs fertilized between chambers and unconfined eggs on the 
seabed at low flow velocities (~5 cm s–1) but that a doubling of velocity of delivery of a short 
pulse of sperm does not result in a significant change in fertilization success. This result may not 
be surprising given that the shape of the sperm plume may become narrower and longer with 
increasing velocity and has a shorter contact period with the basket and over the screen at a 
higher velocity (Denny & Shibata 1989). Differences in duration of exposure and orientation of 
the chamber also had relatively little effect on observed fraction of eggs fertilized. These results 
allay concerns about the potential that the orientation to flow in field trials or the short duration 
of flume trials relative to field trials will significantly alter interpretation of field experiments 
that use chambers. 
We did, however, observe an increase in fertilization success with lower egg 
concentration in the chambers. Our flume studies, therefore, indicate that (1) fertilization success 
recorded from chambers should be used as relative, not absolute, measures of fertilization 
success, and (2) the quantity of eggs should be standardized in field deployments to have reliable 
comparisons among treatments. The decrease in fertilization with higher numbers of eggs (Fig. 
2.3c) suggests that eggs at artificially high densities in containers have the potential to compete 
for limited sperm, and thus the number of eggs in a container is an important variable to control 
for comparisons. Although perhaps not comprehensive, the above laboratory-based assessment 
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provides valuable background regarding fertilization dynamics under controlled conditions that 
set the stage for, and help interpret, field experiments. 
Legitimate concern has been expressed in the literature about the potential for chamber 
artifacts in field fertilization studies (Levitan 1991, Levitan et al. 1992, Wahle & Peckham 1999, 
Yund 2000, Gaudette et al. 2006), but we are aware of no published experiments that quantify 
these effects. We therefore cannot compare our results to previously measured differences in the 
fraction of eggs fertilized inside and outside chambers. Several authors have indirectly addressed 
this concern by measuring the percentage of freely drifting eggs either in flume studies (sea 
urchins; Kregting et al. 2014) or in situ (sea stars; Metaxas et al. 2002). To our knowledge, 
fertilization studies of freely drifting eggs in the water column have only been attempted with 
one species of bivalve (Chlamys bifrons, Styan 1997). 
Our dockside field experiment results indicate that less than a 10-fold difference in local 
scallop abundance (30 vs. 4 males per net in this case) can significantly affect fertilization 
success. The abundance treatments likely had a direct effect on fertilization success by 
influencing local sperm concentration at the fertilization chambers located within 1 m of the 
spawning scallops, as has been demonstrated in other broadcast spawners (Levitan et al. 1992, 
Babcock & Keesing 1999, Metaxas et al. 2002). It is also not possible to say whether female 
spawning in the dockside trials was synchronous with male spawning, although the GSIs 
indicated that both males and females were spawning during the weeks that the dockside 
fertilization experiment was conducted. 
Interaction of spawning synchrony and population density in the field has not been well 
studied, despite laboratory evidence indicating that synchrony could be influenced by localized 
conspecific spawning cues (Miller 1989, Hardege & Bentley 1997, Soong et al. 2005). In 
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broadcast-spawning corals (Oliver & Babcock 1992, Babcock et al. 1994), abalone (Babcock & 
Keesing 1999), urchins (Gaudette et al. 2006), and scallops (Mendo et al. 2014), individuals in 
closer proximity to conspecifics and in larger aggregations are more likely to spawn 
synchronously. Styan & Butler (2003) found that larger, more fecund male scallops did not 
release more sperm per spawning or at a greater instantaneous rate than smaller scallops. 
Consequently, they speculated that larger scallops must spawn more frequently and thus increase 
chances of spawning simultaneously (Styan & Butler 2003). Synchrony can also be triggered by 
external environmental cues such as temperature, food supply, or lunar periodicity, and can be 
further enhanced by positive feedbacks from surrounding conspecifics. For example, Gaudette et 
al. (2006) observed that sea urchins in both large and small aggregations (104 vs. 102 
individuals., respectively) all exhibited spawning maxima during full and new moons, but only 
those in large aggregations produced a mass synchronous spawning. As for P. magellanicus, 
Bonardelli et al. (1996) observed that downwelling events that change bottom temperature often 
coincided with spawning events. Food supply or its interaction with conspecific signals may be a 
potential spawning cue in some invertebrates (Starr et al. 1990, Reuter & Levitan 2010), but no 
phytoplankton trigger has been found for sea scallop spawning (Bonardelli et al. 1996). In the 
present study, changes in temperature were similar between locations and coincided with the 
decline and greater variance in the gonad index for both males and females (Fig. 2.5). As local 
differences in temperature and planktonic food supply may have existed among the docks in this 
study, we cannot rule out the possibility that these factors may have contributed to variable 
spawning intensity despite the lack of a significant site effect on fertilization success. 
Our field study did not separate effects of scallop density at the population level and local 
aggregation size on fertilization success. For example, in the sea biscuit Clypeaster rosaceus, 
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Levitan & Young (1995) observed that nearest-neighbor distances became increasingly 
important to fertilization success as aggregations got smaller. In short, as the size of the overall 
gamete pool from neighboring spawners shrinks, proximity to individual spawners makes a 
bigger difference to per capita reproductive success. A similar effect has been observed with 
population manipulations of the green sea urchin, S. droebachiensis (Wahle & Peckham 1999, 
Gaudette et al. 2006). Sea scallops in the wild are often highly aggregated, and it has been 
assumed that aggregative behavior during the spawning season favors fertilization success 
(Stokesbury & Himmelman 1993), although this relationship has never been empirically tested. 
Mendo et al. (2014) argued that to rigorously test the hypothesis that aggregative behavior 
enhances fertilization success, spatial patterns and nearest-neighbor distances need to be 
measured before, during and after the spawning season of a motile broadcast spawner. The 
present study takes a first step toward that end by developing the tools to measure fertilization 
success in situ, and we have initiated studies to assess fertilization dynamics under more natural 
conditions with experimental scallop populations on the seabed (Bayer et al. unpubl.). 
Determining how P. magellanicus aggregation patterns change through the spawning 
season may indicate how scallops affect their ability to reproduce on a small scale and whether it 
is relevant to fishery management. Mendo et al. (2014) determined with an empirically informed 
model that for the scallop Pecten fumatus, the probability of spawning increased with a decrease 
in nearest-neighbor distance for adults with larger gonads. In the green sea urchin 
Strongylocentrotus droebachiensis, Gaudette et al. (2006) found that natural aggregations 40 
times larger in population size than smaller aggregations resulted in mass, synchronous spawning 
and fertilization success near 100%, unlike the smaller populations. This suggests that, at least in 
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sea urchins, aggregation size, in addition to density, may be relevant to observed changes in 
gonad indices and measured fertilization success. 
Local differences in average flow velocity or turbulence intensity that affect dissolution 
of clod cards did not explain local differences in fertilization in our dockside field study. 
Although relative flow, as measured by clod cards, did not prove to be a significant covariate, we 
cannot rule out turbulence intensity as a variable influencing fertilization success. Clod cards 
may give a relative measure of average flow rates during deployments, but they confound mean 
flow speed and turbulence intensity. They are not universal integrators of ‘water motion’ (Porter 
et al. 2000). Because these dockside experiments were located on variable dock types and 
scattered among various inlets and coves, turbulence at each location likely varied in frequency 
and intensity. Turbulence has been demonstrated both empirically and with modeling to affect 
fertilization success significantly (Denny 1988, Denny & Shibata 1989, Crimaldi & Browning 
2004, Crimaldi & Zimmer 2014). These physical processes may bring eggs and sperm together 
(Lasker et al. 1996, Simon & Levitan 2011) or dilute them rapidly before fertilization can occur 
(Denny 1988). Future studies examining the effect of scallop population abundance or density on 
fertilization success using more natural flow conditions at the seabed should be conducted. 
Furthermore, because bottom boundary layer flow dynamics in a wild scallop bed likely differ 
considerably from flow conditions in lantern nets suspended in the water column, gamete 
dispersal is likely to differ. Scallop eggs are negatively buoyant (S. R. Bayer & R. A. Wahle, 
unpubl.) and eventually settle to the seabed under typical flow conditions, and it would not be 
unreasonable to expect a downward bias in sperm motion (Falkenberg et al. 2016). Our results 
therefore only begin to depict the complexities of scallop fertilization dynamics in the wild. 
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Further studies using our fertilization chamber method have the potential improve 
estimates of fertilization success in wild populations and would be especially relevant to 
comparisons of scallop reproductive performance inside and outside fishing closures, a common 
management tool for scallops (e.g. P. magellanicus, Stokesbury 2002; Pecten maximus, Beukers-
Stewart et al. 2003). In addition, fertilization success estimates from this method and 
experimentation can be incorporated into population models that estimate gamete production, 
subsequent larval production, export and ultimately connectivity within scallop stocks (i.e. P. 
magellanicus, Davies et al. 2015). 
In conclusion, with this study we have (1) developed a tool to assess scallop fertilization 
success in the field, (2) used flume studies to quantify experimental artifacts that may influence 
interpretation of fertilization success measured in the field, and (3) detected a significant effect 
of scallop aggregation size on per capita fertilization success in a field experiment that 
approximated the range of densities near the high end of observed populations in nature. 
Together, these result set the stage for further studies to compare fertilization success in naturally 
occurring populations on the seabed to better evaluate whether depensatory or Allee effects may 
occur in wild scallop populations. 
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CHAPTER 3 
FERTILIZATION DYNAMICS IN SCALLOP AGGREGATIONS: RECONCILING 
MODEL PREDICTIONS WITH FIELD MEASUREMENTS 
3.1 ABSTRACT 
Population density is a critical variable in the successful fertilization in marine broadcast 
spawners. Areas closed to fishing are thought to protect and enhance populations of many 
broadcast spawners, however the role of fertilization dynamics is not well understood. The 
broadcast spawning sea scallop, Placopecten magellanicus, is a commercially important species 
that rebounded in population abundance due to fishing closures imposed on Georges Bank and 
the Mid Atlantic. Using video surveys, we observed whether areas closed to fishing increased 
population density and degree of aggregation. Population densities and shell heights were 
consistently higher in closed areas, and significantly so in the Mid Atlantic. Shell height was 
significantly greater in all closed areas. The influence of area closure on degree of aggregation 
was less consistent. Based on the observed spatial patterns of adult scallops on Georges Bank 
and Mid Atlantic, we then modeled expected fertilization success for two spawning populations 
with a ten-fold difference in density using classic steady-state flow fertilization models. To test 
model calculations, we measured fertilization success of simulated scallop populations of similar 
densities over the spawning season of 2012 in the Damariscotta River tidal estuary in mid-coast 
Maine. Our field experiments revealed no strong effects of population density on fertilization 
success. However, we did see significant spatial autocorrelation of adult scallops, suggesting 
aggregation behavior, at low population densities within several days of high fertilization success 
on our recorded peak spawning date. Small scale behavioral adaptation that reduces nearest 
neighbor distances at low population sizes may ameliorate the effect of low density on 
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fertilization success. Given the exponential relationship between shell height and gonad size, the 
greater average shell height in fishing closures on Georges Bank and the Mid Atlantic region 
imply that these regions may produce more larvae per capita than areas open to fishing. Our 
observations suggest that populations within area closures likely realize tangible reproductive 
benefits stemming from the greater shell size and number of individuals. However, the positive 
impact of high density on fertilization success as predicted by fertilization models was not borne 
out in our field trials over a 10-fold density difference. That fertilization success in our low 
density treatment were higher than predicted may be an encouraging sign that the reproductive 
performance of broadcast spawning scallops at low densities may be greater than expected.  
3.2 INTRODUCTION 
Marine organisms spanning multiple phyla broadcast gametes into the sea where 
successful fertilization depends on having high enough concentrations of viable sperm. High 
density spawning aggregations can ensure high levels of fertilization success (the percentage of 
eggs fertilized) before gametes become diluted (Allee 1931, Levitan et al. 1992, Levitan & 
Young 1995, Gaudette et al. 2006). Empirical data on fertilization success in natural broadcast 
spawner populations are relatively rare and generally qualitative (Levitan & Sewell 1998). To 
date field studies on fertilization dynamics have been conducted on a relatively small set of 
experimentally tractable free spawning invertebrates and fishes: including sea urchins 
(Strongylocentrotus franciscanus, Levitan et al. 1992; Strongylocentrotus droebachiensis, Wahle 
& Peckham 1999), bluehead wrasse (Thalassoma bifasciatum, Petersen et al. 1992, Warner et al. 
1995), hard corals (Montipora digitata, Favites pentagona, Platygyra sinensis, Oliver & 
Babcock 1992, Acanthaster planci, Babcock & Mundy 1992), soft corals (Briareum asbestinum, 
Brazeau and Lasker 1992), scallops (Chlamys bifrons, Styan 1998) and sea cucumbers 
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(Bohadschia argus, Holothuria coluber, Actinopyga lecanora, Babcock et al. 1992). Many of 
these studies suggest that fertilization success can be quite variable (e.g. B. argus: 0-96%, H. 
coluber and A. lecanora: 9-83%, Babcock et al. 1992; A. planci: 23-83%, Babcock & Mundy 
1992; S. franciscanus: 0-82%, Levitan et al. 1992; S. droebachiensis: 5-60%, Wahle & Peckham 
1999), frequently being well below 100% at low adult densities and conditions that promote the 
rapid dilution of gametes. 
These results underscore a long-standing concern that commercially exploited fishes and 
invertebrates with this mode of reproduction may be especially vulnerable to recruitment failure 
when populations are depleted (Myers et al. 1995, Petersen & Levitan 2001, Rowe et al. 2004). 
Aggregating behavior has been observed specifically during the spawning season. Sedentary or 
slow moving broadcast spawners that form spawning aggregations, such as the abalone (Haliotis 
kamtschatkana, Seamone & Boulding 2011) and scallop (Pecten fumatus, Mendo et al. 2014), 
may be particularly vulnerable to the effects of fishing activity that target these aggregations. 
Quinn et al. (1993) modeled red sea urchin (Strongylocentrotus franciscus) populations under 
different harvest strategies and suggested that the protection of high-density refuges from 
harvesting could protect against high rates of exploitation. 
As a fisheries management tool, fishing closures and marine protected areas maintain a 
relatively natural state compared to adjacent fished areas by preserving high-density 
aggregations (Jennings 2000, Russ et al. 2005). Meta-analysis of spawner-recruit relationships 
for fishes have failed to give many examples where per-capita recruitment is limited at low 
population sizes (depensatory effects, Liermann & Hilborn 1997).  However, there is growing 
evidence that higher population densities and larger adult body sizes found in fishing closures 
can increase the reproductive performance of groundfish and invertebrate species, not only by 
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enhancing egg production, but also by increasing spawning frequency and synchrony, per capita 
fertilization, and therefore larval production (O’Brian & Munroe 2001, Sale et al. 2005, 
Orensanz et al. 2006).   
The sea scallop, Placopecten magellanicus, is a sedentary, gonochoristic, broadcast 
spawner found in the coastal and shelf waters of the Northwest Atlantic. Sea scallop stocks in the 
USA have experience unprecedented rebuilding in the last 15 years (Stokesbury 2012, NEFSC 
2014, Bethoney et al. 2016). While key components of recruitment, such as adult gamete 
production (Langton et al. 1987), larval transport (Tremblay et al. 1994, Tian et al. 2009), 
juvenile mortality (Wong & Barbeau 2003) and patchiness (Carey et al. 2013) have been subjects 
of intensive study, the recent literature reflects a growing recognition of how little empirical 
information is available on the role of spawning and fertilization dynamics as a potentially 
critical step in the recruitment process for scallops (Stokesbury 1999, Smith & Rago 2004, Harris 
2011, Stokesbury 2012).  
It is cost and time effective for fishers to target aggregations of their target species. The 
predicted outcome is to reduce the degree of aggregation while depleting the population. In 
theory, both the depletion in numbers of broadcast spawners and consequent potential increased 
nearest-neighbor distances could have adverse impact on fertilization success (Levitan & Young 
1995).  
Harris (2011) examined the spatial distribution of adult scallops on Georges Bank from 
1999 to 2010 and found 13 persistent, high-concentration (3-4 scallops per scallop 3.24 m-2) 
aggregations (spatial scale of ~km2) suggesting either self-recruiting and/or sink populations, 11 
of which were found in areas closed to fishing. These high density populations could be 
producing high percentages of fertilized eggs from decreased nearest neighbor distances.  
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Population manipulations with echinoids suggest that nearest-neighbor distances become 
increasingly important to spawning and fertilization success as the overall number of individuals 
in the aggregation gets smaller. The benefits of proximity alone to fertilization have been 
reported for several species of echinoid (Levitan & Young 1995, Wahle & Peckham 1999, Yund 
& Meidel 2003), and two species of scallop (Chlamys bifrons, Styan 1998, P. magellanicus, 
Bayer et al. 2016); in these cases, there was a rapid decrease in fertilization success < 1 m 
downstream of sperm release.  In field experiments with the sea biscuit, Clypeaster rosaceus, 
Levitan and Young (1995) demonstrated that nearest neighbor distances made less of a 
difference to fertilization success as aggregation size increased. Similarly, Gaudette et al. (2006) 
found that field aggregations of S. droebachiensis consisting of only a few hundred urchins did 
not exhibit the mass, synchronous, spawning observed in populations consisting of 100,000+ 
spawners, presumably because of the absence of intraspecific cues.   
Existing recruitment models for scallop assume per capita fertilization success remains 
constant at all population densities (McGarvey et al. 1993, Smith and Rago 2004). Determining 
how scallop population density (or nearest neighbor distances) relates to fertilization success 
would enhance our understanding of this component of the scallop life cycle and recruitment 
models.  Building on early laboratory-based gamete dilution experiments with P. magellanicus 
(Desrosier 1996), we have used time-integrated fertilization experiments with field-deployable 
mesh chambers containing fresh, unfertilized eggs, along with dockside manipulations of 
spawning scallops (Bayer et al. 2016).  
The gridded sampling approach of surveys conducted by Stokesbury et al. (2004) on 
scallop beds on the US East Coast provide a unique opportunity to evaluate patterns of 
population aggregation inside and outside closed areas and average nearest-neighbor distances.  
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These surveys informed the design of relatively small-scale field manipulations of scallop 
densities in this study to begin evaluating consequences of variable spawner density for 
fertilization dynamics.  
In this study we had two objectives.  First, by comparing scallop populations inside area 
closures in the northeast US, we tested the hypotheses that closed areas are associated with high 
population densities, larger shell heights, and higher degrees of aggregation at a given population 
density. Second, we compared field-observed to model-predicted fertilization rates in a field 
manipulation of scallop populations spanning a 10-fold difference in population density on a 
defined area of seabed. This study gathered empirical data on fertilization dynamics in a scallop 
population located in the field. 
3.3 METHODS & MATERIALS 
3.3.1 Patterns of population density and aggregation inside and outside closed areas  
We examined scallop video survey data collected by the School for Marine Science and 
Technology (SMAST) industry cooperative scallop survey on Georges Bank (GB) and in the 
Mid Atlantic (MA).  A complete description of survey methods is available in Stokesbury et al. 
(2004).  Scallop densities were observed over 14 research cruises at 12 different locations inside 
and outside closures in both GB and MA regions in 2008 and 2009 as in Carey et al. (2013). 
Since our interest is in the density of reproductive scallops, we confine our population density 
estimates to scallops ≥ 60 mm in shell height. This shell height was selected based on gonad 
maturation; scallops ≥ 60 mm fully empty their follicles during the spawning season (Davidson 
& Worms 1989).    
In 2008, Stokesbury and Carey surveyed 932 stations on GB and 932 stations in the MA, 
covering an area of approximately 8,307 and 8,388 km2 respectively. In 2009 we surveyed 899 
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stations on Georges Bank and 927 stations in the Mid Atlantic, covering an area of 
approximately 8,091 and 8,343 km2, respectively. Station locations in both areas and years were 
separated on average by 5.6 km (Fig. 3.1).  
 
Fig. 3.1. Video Survey Station Locations: On a 5.6 km grid. Georges Bank (GB) closed areas are 
the Nantucket Lightship Closed Area (NLCA), Closed Area 1 (CA I) and Closed Area 2 (CA II). 
Mid Atlantic Bight (MA) closed areas are the Hudson Canyon Closed Area (HCCA), Elephant 
Trunk Closed Area (ETCA) and Delmarva Closed Area (DMCA). EEZ: exclusive economic 
zone. (From Carey et al. 2013)  
 
Four 3.24 m2 quadrats, approximately 50 m apart, were sampled at each station for a total 
sample area of 12.94 m2. Mean scallop counts from the four quadrats divided by the quadrat area 
were used as the density for a station.  Video was recorded along with time, depth, sediment 
type, number of scallops, latitude and longitude at each station. After each survey the video was 
reviewed, and a still image of each quadrat was digitized. The shell height (SH) of each scallop 
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was measured in the still image using Image Pro Plus software (Stokesbury 2002). Stations were 
plotted by latitude and longitude and classified as ‘open’ or ‘closed’ to commercial fishing.  
Mean scallop density and standard error were calculated in open and closed areas for each 
camera in each year (see Stokesbury et al. 2004 for details). We performed a t test assuming 
unequal variances for the effect of closed vs. open area on SH for both 2008 and 2009 for each 
location (GB, MA) in JMP (v.12.2.0). Data were pooled across stations for year, location (GB, 
MA) and closure status. Since we were unable to assume equal variances, Welch’s t test (Zar 
1999) was used to compare density estimates of scallops between open and closed areas each 
year.  
Next we evaluated the effect of scallop density and area closure on the degree of 
aggregation of scallops at a site. We used the variance-to-mean ratio among the four quadrats 
sampled approximately 50 m apart at a station as our measure of aggregation at a station. 
Stations with no scallops in any of the four quadrats were excluded from analysis. With the 
remaining data we performed an ANCOVA to compare variance:mean ratios in closed and open 
areas using population density as the covariate (JMP v.12.1.0).   
3.3.2 Modeling fertilization success  
We used a two-dimensional, steady-state, advection-diffusion model to simulate the 
gamete plume produced by an individual spawner (Denny 1988, Denny & Shibata 1989). This 
model has been used widely in other fertilization studies (e.g., Levitan et al. 1992, Levitan & 
Young 1995, Claereboudt 1999, Metaxas et al. 2002).  The model predicts the concentration (𝑐) 
of sperm (sperm mL-1) at positions down and cross stream (x, y, respectively) from a sperm 
source:  
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(Equation 3.1)  
where 𝑄 is the spawning rate (s -1), 𝑢 is the average flow velocity (m s-1), 𝛼 is the coefficient of 
sperm diffusion in seawater (m2 s-1), and 𝑢∗is the friction velocity (m s-1), an indicator of shear 
stress on the seabed.  As a steady state model, it predicts the average sperm concentration field 
assuming continuous spawning. 
We scaled up the individual plume model to multi-individual populations using densities 
informed by our dive surveys at our field sites in the Damariscotta River (see description below) 
to evaluate how predicted average fertilization efficiency would be expected to change in 
population densities similar to those observed in fishery surveys. Scallop density and fertilization 
success were interpolated using inverse-distance weighting (IDW) in MATLAB (R 2015b). For 
modeling purposes, we assumed IDW to be the best interpolating method because scallops are 
assumed to clump at this spatial resolution (Stokesbury & Himmelman 1993). Using these 
interpolated population density maps, we back-calculated the number of scallops present for the 
average density calculated for both low- and high-density patches for each of our six SCUBA 
survey dates (July 17, 26, August 3, 8, 16, September 11, 2012). We then developed probability 
distributions seeding 30 x 30 m (model mesh size of 0.1 x 0.1 m) simulated plots with male 
scallops only and applied the steady-state sperm advection-diffusion model (Equation 3.1). The 
sperm plume emanating from the aggregation was modeled over a 50 x 50 m area that included 
the 30 x 30 m simulated plots.    
Male spawning rate, Q, was estimated in the laboratory and peaked at 108 sperm mL-1 s-1 
(Bayer et al., unpubl). Empirical data suggests that within < 1 m, the concentration of sperm 
(sperm mL-1) downstream from an individual spawning male should fall to a level that results in 
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near zero percent fertilization (C. bifrons, Styan 1998a; S. droebachiensis, Gaudette et al. 2006). 
We therefore are interested in the effect of surrounding males on fertilization success, especially 
if these areas fall within 1 m2 of a fertilization assay station. 
The fertilization ratio, F, is the proportion of available eggs fertilized and was calculated 
as follows:  
(Equation 3.2) 𝐹 = 1− 𝑒!(!!"#!∗!∆!) 
where Cstf (m2) is the available surface area of an egg. This value is assumed to be 1-3% of the 
surface area of an egg based on experiments conducted by Vogel et al. (1982) on the sea urchin 
Paracentrotus lividus. More than 100 spermatozoa per egg were needed to achieve a fertilization 
success of >95% and the authors concluded that only 1% of the egg surface is available for 
fertilization or only 1% of spermatozoa are able to fertilize (Vogel et al. 1982). The diameter of 
scallop eggs is assumed to be 70 µm (Culliney 1974, Desrosiers et al. 1996). Because the value 
of C (sperm mL-1) is derived from a steady-state equation, we assume that ∆t is equivalent to the 
viable half-life of sperm estimated to be 9 min at 16°C at a concentration of 106 sperm mL-1 
(Bayer et al. 2016). Females and eggs were not added into this particular model. We assume in 
this model that there is no egg-egg competition for sperm.  
3.3.3 Fertilization experiments in experimental scallop populations 
Collection of broodstock and spawning induction methods are described in Appendix A. 
Two experimental populations of sexually mature scallops (SH ≥80 mm) were established at 
selected locations (near ~43.9N, ~69.5˚W, 1 km apart) in the Damariscotta River estuary (23 km 
long x ~ 1 km wide, Leonard et al. 1998) in 2012. Initial reconnaissance by SCUBA divers 
ensured that the sites had suitable bottom (coarse sand/mud) and flow conditions unperturbed by 
large features (> 1 m) on the seabed for at least 50 m upstream and downstream. Scallops were 
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naturally sparse at both sites, and all previously existing scallops were cleared from each site 
prior to the start of the experiment (July 2012) to ensure no effect on sperm supply at our 
monitoring positions.  
Each population was established on a 30 x 30 m (900 m2) area of the seabed at 10-15 m 
depth. This area was a manageable scale to service by divers – it was sufficiently large for the 
aggregation to remain intact and stationary over the course of the spawning season, yet small 
enough to be surveyed by four divers in one or two dives. Divers staked off boundaries on the 
seabed to facilitate subsequent dive surveys. A 3 x 3 array of nine fertilization assay stations was 
established on the 900 m2 scallop patch, and as a distance control we situated another row of 
three stations 50 m away in both the upstream and downstream directions perpendicular to the 
axis of tidal flow for a total of 15 stations at each site (Fig. 3.2). Station positions were logged 
with GPS and marked with buoys at the surface.  
Fig. 3.2. Fertilization Assay Station Array: Station (filled blue circle) array in scallop population 
(grey filled box) 
 
To simulate the lower and higher end of observed average densities on commercial 
scallop grounds (Stokesbury et al. 2004), we created two populations by stocking the high-
density site with 900 scallops (1.0 scallop m-2) and the low-density site with 90 scallops (0.1 
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scallop m-2). To simulate natural conditions, both sites had equal male:female ratios (Smith and 
Rago 2004), giving male densities of 0.5 and 0.05 individuals m-2. Females were included in the 
populations to mimic natural conditions and in case the presence of females facilitates male 
spawning. Shell height and sex were recorded prior to release into each experimental plot. We 
tagged each individual with a plastic, numbered label affixed with underwater epoxy to its top 
valve. Based on laboratory observations, the tag did not hinder spawning or movement. 
Temperature was recorded at both sites using Onset HoBo temperature loggers.  
3.3.4 Population dive surveys  
During the scallop spawning season we conducted SCUBA surveys on six dates (July 17, 
26, August 3, 8, 16, September 11, 2012). Dive surveys served to record deviations from the 
initial population density and dispersion resulting from natural mortality and movements over the 
course of the study. Divers used transect tapes to divide the 30 x 30 m area into seven rows 5 m 
apart. Each row was further divided into 15 two-meter intervals. Divers counted scallops within a 
2 x 2 m (4 m2) quadrat placed on four or five randomly selected intervals along each row for a 
total of up to 35 quadrats (= 7 rows x 5 quadrats) per survey. From these data we conducted a 
spatial autocorrelation analysis using Moran’s Index (I) to test for statistically significant 
clustering of adults. Moran’s I ranges from +1 (highly aggregated: densities in adjacent cells 
highly positively correlated) to -1 (uniformly dispersed: densities in adjacent cells inversely 
correlated) and 0 autocorrelation representing random dispersion (Jumars et al. 1977, Blanchard 
1990). We used Moran’s I to detect whether clumping of adults was statistically significant and 
changed over the spawning season. We tested for significant departures from a Moran’s Index of 
0 using code developed in R (3.3.1 GUI 1.68).  
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3.3.5 Gonadosomatic indices and spawning season 
To monitor onset and progression of the spawning season during our field experiment, we 
recorded changes in the gonadosomatic index (GSI) of both experimental populations. Starting in 
July 2012, at two-week intervals, we dissected a subsample of at least ten males and ten females 
randomly drawn from dive surveys. They were replaced with ten males and ten females from our 
broodstock populations. The gonad index is measured as the wet mass of the gonad as a 
proportion of total body mass without the shell (Langton et al. 1987, Parsons et al. 1992, Bayer 
et al. 2016). Tissue was blotted with paper towels before measurements.  
3.3.6 Fertilization assay deployments 
At each fertilization assay station, we deployed fertilization chambers (15 mm inner 
diameter x 70 mm height, see Bayer et al. 2016 for details) when eggs were available from 
broodstock in the lab on 11 dates (July 18, 19, 20, 23, 25, 27, 28, August 2, 4, 8, 14 2012) during 
the spawning season. Deployments ended when the GSI began to decline, and it became difficult 
to induce scallops to supply our experiments with enough eggs for all fertilization assay stations 
in our field experiments. Eggs ≥ 8 h old since spawning were not used. The viable half-life of 
eggs is between 8-24 h (Bayer et al. 2016). These chambers were loaded with 0.5 mL of 
concentrated eggs (~2000-5000 by number) in the lab in female spawned water, and their screw 
caps were carefully applied under water to avoid bubbles within the chamber. Chambers were 
kept in small coolers of 10˚ C, ultraviolet-sterilized, aged seawater during transport into the field. 
Once in the field, fertilization chambers were fastened to a cement block over the side of the boat 
under water where they were carefully checked for bubbles before deployment at each of the 15 
sites at both high- and low-density treatments. After 24 h, chambers were retrieved, and each was 
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carefully flushed with aged seawater, filtered and fixed in 4% buffered formalin and scored for 
development stage.  
As in Bayer et al. (2016), we conducted parallel control assays to assure that eggs were 
viable and not contaminated with sperm. To assess egg viability in these longer-term, 24 h trials 
we fertilized a sample of eggs with a saturating dose of sperm and set it aside to incubate for the 
duration of the trial at ambient water temperature. The criterion for successful fertilization in this 
experiment included the blastula and all subsequent stages of embryonic development. Although 
earlier cell division stages were present in these trials, we considered the blastula the most 
conservative measure of fertilization success given the occasional presence of earlier stages 
observed in our sperm-free controls. For all samples, we subtracted the percentage of developed 
blastulae in controls from the experimental values observed in the field for that trial before 
statistical analysis of the field results. We also recorded our controls for each deployment and the 
relative effect of the correction on calculated averages for stations within the density treatments 
(Appendix B).  
The proportion of fertilized eggs (f) that were scored as blastula stage or more advanced 
were logit transformed (log f/[1-f])) as recommended by Warton & Hui (2011) to improve 
normality. We tested for a difference between density treatments with Welch’s t test on the logit 
transformed fertilization values. We then performed an ANOVA with location (inside/outside 
scallop population) and density as fixed factors. We ran an ANCOVA with density (high/low) 
and fertilization assay station as fixed factors and date as a continuous covariate. All these 
statistics were performed using JMP (v.12.2.0). We analyzed spatial autocorrelation on 
fertilization assay stations through the spawning season (see previous methods for Moran’s Index 
on population surveys).  
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To evaluate the flow to inform our model simulations we deployed a SeaHorse® flow 
meter on the study sites in the Damariscotta River estuary on December 16, 2012 to capture the 
range of tidal flow at the sites over a full spring-neap tidal cycle. These deployments were not 
concurrent with the fertilization experiment. The resulting information was used to inform the 
fertilization model. 
3.4 RESULTS  
3.4.1 Patterns of population density and aggregation inside and outside closed areas  
The density of mature scallops was consistently higher in areas closed to fishing than in 
those open to fishing for both years and areas (Table 3.1). On Georges Bank densities were from 
34 to 96% as high in open areas as in closed areas. In the Mid Atlantic densities ranged from 226 
to 500% higher in closed areas. Given the variability in quadrat counts, these differences were 
statistically significant only in the Mid Atlantic, however (Table 3.2).  
Table 3.1. Year, area, fishing type (Open/Closed), number of stations (n), scallop density (D, 
scallops m-2), density standard error (SE, scallops m-2), mean (scallops quadrat-1) and variance 
(Var, scallops quadrat-1) and variance:mean (Var:Mean) of scallops ≥ 60 mm SH in the 3.24 m2 
quadrats. Areas are Georges Bank (GB) and Mid Atlantic (MA). 
 
Year Area Fishing n D  SE  Mean  Var  Var:Mean 
2008 GB Open 521 0.07 0.01 0.6 2.8 4.4 
  Closed 411 0.09 0.01 0.7 4.0 5.5 
 MA Open 516 0.05 0.00 0.5 1.2 2.6 
  Closed 416 0.26 0.03 2.3 36.4 15.6 
2009 GB Open 523 0.09 0.02 1.1 14.2 13.3 
  Closed 376 0.18 0.02 1.8 19.5 11.0 
 MA Open 501 0.08 0.01 0.8 2.3 2.7 
  Closed 426 0.18 0.02 2.0 12.2 6.1 
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Table 3.2. Video Survey t Test Results: Welch’s t test on the effect of open and closed areas on 
scallop (> 60 mm) densities (scallops m-2) for Georges Bank (GB) and the Mid Atlantic (MA). 
Reporting t ratio, degrees of freedom (df), p value and mean difference between open and closed 
area (Closed – Open) scallop densities (scallops m-2). Significant p values (< 0.05) are in bold 
face. 
 
Year Area t ratio df p value Mean Difference (n m-2) 
2008 GB 0.51 771 0.306 0.023 
 MA 2.06 492 0.020 0.210 
2009 GB 0.94 720 0.173 0.087 
 MA 1.91 571 0.028 0.102 
 
Scallops tended to be larger in closed than open areas.  Shell heights of scallops in closed 
areas averaged ~20 mm larger in Georges Bank closed areas and ~2-10 mm larger in Mid 
Atlantic closed areas (Table 3.3). Levene’s test revealed significantly different variances 
between open and closed areas in GB (F = 135.07, df = 1, p<0.0001), but not for MA (F = 0.27, 
df = 1, p = 0.60). Shell heights were greater inside closed areas both in the MA and on GB (GB: 
Welch’s t test allowing for unequal variances t = -6.06, df = 1347, p < 0.001, MA: ANOVA F = 
249.22, df = 2065, p < 0.0001, Fig. 3.3b). 
 
Table 3.3. Video Survey Scallop Shell Height Data: Area, year, number of scallops (n) and shell 
height (SH, mm) standard error ± (mm) for closed and open areas to fishing. 
 
Area Year Closed n Closed SH Open n Open SH 
GB 2008 924 100.5 ± 35 410 82.0 ± 25 
 2009 760 99.8 ± 33 751 79.4 ± 25 
MA 2008 1184 91.5 ± 26 328 79.5 ± 28 
 2009 905 94.7 ± 20 429 92.2 ± 19 
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Fig. 3.3. Shell Height Box and Whisker Plots: minimum, maximum, first quartile, median and 
third quartile shell heights (mm) for (a) Georges Bank, (b) Mid Atlantic of closed (filled boxes) 
and open (empty boxes) areas in 2008 and 2009. * indicates statistically significant greater 
average shell height from the open areas in the same year 
 
The degree of aggregation of adult scallops (variance:mean of all stations with scallops) 
was consistently higher in closed areas than in open areas, but the significance of the closure and 
population density effect was mixed (Tables 3.4, Fig. 3.4). On Georges Bank in 2008, closure 
status had no significant independent effect, but population density and the interaction of closure 
status and density were significant. In 2009, neither closure nor density nor their interaction 
significantly influenced variance:mean ratio (Table 3.4).  In the Mid Atlantic in 2008, closure 
status and the interaction between closure and density had a significantly to marginally 
significant influence on the variance:mean, but density effects on their own were not significant. 
In 2009, closure status and population density effects were both significant, but not their 
interaction (Table 3.4). Despite consistently higher adult densities and body sizes in area 
closures, the effect of closure and density on the degree of aggregation was inconsistent. When 
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we do see high levels of aggregation, it is correlated either with the closure status alone or with 
the higher density associated with closed areas.  
Table 3.4. ANCOVA Results for Station Population Density: Analysis of covariance 
(ANCOVA) table for variance:mean for open vs. closed areas with population density of scallops 
≥ 60 mm SH as a covariate. Tests are by year and area, Georges Bank (GB) and the Mid Atlantic 
(MA). Significant p values (p < 0.05) are bolded. 
 
Year & Area Source df MS F p value 
2008 GB Density 1 19.2 34.8 < 0.001 
 Closure status 1 0.07 0.12 0.73 
 Closure x Density 1 3.29 5.97 0.015 
 Error 282 0.55   
2008 MA Density 1 0.09 0.25 0.62 
 Closure status 1 1.59 4.46 0.035 
 Closure x Density 1 1.33 3.73 0.05 
 Error 432 0.36   
2009 GB Density 1 97.3 1.32 0.25 
 Closure status 1 6.17 0.08 0.77 
 Closure x Density 1 2.71 0.04 0.85 
 Error 309 73.3   
2009 MA Density 1 38.6 5.02 0.026 
 Closure status 1 96.8 12.6 < 0.001 
 Closure x Density 1 0.37 0.05 0.83 
 Error 437 8.06   
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Fig. 3.4. Year and Area Station Var:Mean vs. Density Plots: Log-transformed var:mean and 
density data from (a) 2008 Georges Bank, (b) 2009 Georges Bank, (c) 2008 Mid Atlantic and (d) 
2009 Mid Atlantic video surveys of all stations with non-zero abundances in both closed (blue, 
filled marker) and open (orange, unfilled marker) sites, with corresponding trend lines 
 
3.4.2 Experimental scallop population: Changes in density and dispersion over time  
Scallops within our two experimental plots in the Damariscotta River maintained a 10-
fold difference in density, although numbers declined by about one third over the course of the 
season from the initial scallop density (both sexes) of 1 and 0.01 scallops m-2 in the two density 
treatments, respectively. In both populations scallops formed aggregations that changed in shape 
and size over several weeks (Fig. 3.5a). With Moran’s Index we also detected statistically 
significant (p < 0.05) clumping among adults during the spawning season on three of the six 
sampling dates in the high-density treatment and two of the six dates in the low-density treatment 
(Table 3.5). One of those dates in the low-density treatment was on July 26, three days after our 
recorded peak in fertilization (July 23), and on this same date, there was no significant spatial 
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autocorrelation of adult scallops in the high-density population. 
At both locations maximum flow rates measured within 0.1 - 0.3 m of the seabed over 
full spring-neap lunar cycles ranged from 0.2 - 0.4 m s-1. The residual bottom flow was 
northward, and the residual surface flow was southward. We used the maximum northward flow 
rate of 0.4 m s-1 to inform our model.  
 
 
Fig. 3.5. Population Survey and Modeled Fertilization Success: Spatial pattern of (a) population 
density during the July-August 2012 spawning season and for high and low male scallop 
densities in a 30 x 30 m plot based on dive-survey population distributions and (b) modeled 
fertilization success (f) based on Claereboudt (1999) with overall flow (u = 0.4 m s-1) direction 
upstream (north). Color bar indicates percentage of eggs fertilized 
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Table 3.5. Moran’s Index for Experimental Scallop Populations: Site, date, population density 
(D, scallops m-2), variance:mean (V:M), Moran’s Index (MI), Expected values (EI), standard 
deviation (SD), z-value, p value and sample size (n) of adult scallop population dive surveys (2 x 
2 m quadrats) for low and high densities over the 2012 spawning season. Statistically significant 
p values (p < 0.05) are bolded.  
 
Site Date D V:M MI EI z-score SD p n 
High Density 7/17/12 0.688 2.253 0.03 -0.04 0.31 0.04 0.06 28 
 
7/26/12 0.625 2.504 -0.02 -0.04 0.08 0.04 0.34 28 
 
8/3/12 0621 2.115 0.02 -0.03 0.28 0.03 0.06 35 
 
8/8/12 0.714 2.124 0.13 -0.03 0.87 0.04 < 0.01 34 
 
8/16/12 0.671 1.857 0.11 -0.03 0.79 0.03 < 0.01 35 
 
9/11/12 0.671 2.010 0.03 -0.03 0.35 0.03 0.03 35 
Low Density 7/17/12 0.045 0.852 -0.07 -0.04 -0.17 0.04 0.81 28 
 7/26/12 0.116 1.513 0.05 -0.04 0.42 0.04 0.02 28 
 8/3/12 0.036 0.882 -0.05 -0.03 -0.12 0.03 0.76 35 
 8/8/12 0.057 1.309 0.04 -0.03 0.41 0.03 0.01 35 
 8/16/12 0.050 1.517 0.02 -0.03 0.29 0.04 0.07 30 
 9/7/12 0.064 1.187 0.01 -0.03 0.25 0.03 0.08 35 
 
3.4.3 Modeled fertilization potential of scallop populations 
Mean model-predicted fertilization from population density surveys were approximately 
four times as great in the high than the low population density (high, 27 ± 8%; low, 7 ± 8%) with 
similar standard deviations. Unsurprisingly, simulated population densities showed distinct 
localized areas of high fertilization success near clusters of individuals, particularly in the low-
density simulation (Fig. 3.5b). At steady state, a large fertilization ‘footprint’ extended several 
meters northward of the simulated population (Fig. 3.5b). Fertilization success was always at or 
near 100% within a few centimeters of individual males in the simulations, but diminished to 
50% within ~1 m distance in the low population density, and within ~7 m in the high population 
density simulation (most individuals fell within the fertilization ‘footprint’).  
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Table 3.6. Statistics for 2012 Fertilization Assay Stations: (a) analysis of variance (ANOVA), (b) 
analysis of covariance (ANCOVA) using date as a covariate, (c) Welch’s t test between density 
treatments. 
 
Test Source df MS stat p value 
a. ANOVA Density 1 0.34 F= 0.56 0.46 
 Inside/Outside 1 0.97 F= 1.58 0.21 
 Density x Inside/Outside 1 0.16 F= 0.26 0.61 
 Error 317 194.6   
b. ANCOVA Density 1 0.24 F= 0.39 0.54 
 Date 1 0.80 F= 1.31 0.25 
 Assay Location 14 10.6 F= 1.24 0.25 
 Density x Assay 
Location 
14 6.77 F= 0.79 0.68 
 Error 290 196.0   
c. Welch’s t test  314  t = 0.44 0.51 
 
3.4.4 Observed fertilization success in field assays  
Contrary to the simulations, fertilization success values were not consistently higher in 
the high-density population; nor was there a significant difference between stations within and 
outside of each manipulated population (Fig. 3.6a). For each date and population, the mean 
fertilization from all assay stations was no higher than ~40% (Fig. 3.6a), although on occasion 
we observed individual chambers with ~100% fertilization. Statistical analysis revealed no 
significant effect of density, location (inside vs. outside population) or their interaction (Table 
3.6a) on logit transformed fertilization values.  The highest average fertilization success for both 
sites was recorded on July 23 (Fig. 3.6a). It coincided with a slight decline in male, but not 
female, gonadal indices (Fig. 3.6b) and occurred after a 1˚ C decrease in temperature (Fig. 
3.6c&d). Our ANCOVA on logit transformed fertilization values for the reason showed no 
significant effect of density, assay station location, their interaction nor an impact of the date 
(Table 3.6b). Welch’s t test showed no statistical difference between density treatments ((low, 
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10.5% ± 1.5 SE; high, 9.8% ± 1.3 SE) for 2012 (Fig. 3.6c). Moran’s Index showed no evidence 
of clumping in the spatial pattern of fertilization rates in either of the density treatments during 
the spawning season (Table C.1).  
3.4.5 Temperature and gonadosomatic indices 
At the onset of the fertilization assays temperatures were 13˚ C, rose to 18˚ C by mid-
August, and dipped to 15˚ C by the beginning of September. Two large (~1˚ C) drops in 
temperature occurred at the end of July and beginning of September (Fig. 3.6c&d). GSIs started 
at ~30% for males, ~20% for females (Fig. 3.6b). While there was a gradual drop in GSI for both 
males and females over the summer, it was not until the beginning of September that the average 
GSI and SD decreased substantially to ~10%, indicating the probable end of the spawning season 
for the majority of the population.  
3.5 DISCUSSION  
Large closed areas along the eastern US have created scallop grounds that have higher 
densities, larger scallops the adjacent open areas, but inconsistently higher levels of aggregation. 
Higher densities (2-5x open areas, Table 3.1) and larger body sizes (~90 mm vs. ~80 mm, Table 
3.3) together should increase per capita egg production by 50 – 170 million eggs (based on 
fecundity data by Langston et al. 1987).  Modeled simulations using the observations from the 
field surveys predicted a four-fold increase in fertilization success with one order of magnitude 
increase in density. Applying the fertilization model, predicted larval output from closed areas 
would be 3 – 53 million more larvae than open areas.  However, contrary to model predictions, 
in our field experiment we did not detect a statistically significant difference in fertilization rate 
between two manipulated populations with a ten-fold difference in density.  
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3.5.1 Reproductive benefits of area closures 
 The offshore scallop populations closed to fishing in the Mid Atlantic region consistently 
had higher densities than in open areas in 2008 and 2009. This was not true for Georges Bank. A 
possible explanation may be a high density recruitment event observed in the South Channel (an 
area open to fishing) in 2008 (Bethoney et al. 2016). By the time of the survey in 2009 a large 
percentage of these newly recruited scallops had grown to sizes ≥ 60 mm. Despite this 
recruitment event, however, the average shell height of P. magellanicus was ~20% greater in 
closed areas than in open areas, suggesting greater reproductive potential of scallops within 
closed areas. Similarly, Beukers-Stewart et al. (2005) found more large (≥ 130 mm SH) scallops 
(Pecten maximus) inside closed areas (71% of scallops) than in fished areas (34% of scallops) 
near the Isle of Mann. Scallops exhibit an exponential relationship between shell height and 
gonad size (Langton et al. 1987) and therefore larger individuals contribute disproportionately 
more larvae to the population per capita.   
Variance:mean ratios in scallop densities in closed areas were higher than in open areas 
except on Georges Bank in 2009. Statistical analysis of this ratio indicates that closure status was 
a strong predictor of aggregation in the Mid Atlantic, but not necessarily on Georges Bank 
(Table 3.3). The Mid Atlantic closed areas target scallop habitat, while preferred scallop habitat 
on Georges Bank is more uniform across open and closed areas (Stokesbury et al. 2004). Density 
was an important covariate, as well as its interaction with fishing area type on Georges Bank in 
2008, but not in 2009; the decoupling possibly due to the previously mentioned recruitment 
event. Density was a significant variable in the Mid Atlantic in 2009. This observation is 
consistent with results of closure effect on king scallops (Beukers-Stewart et al. 2005). How 
recently some sites were closed and the variation in habitat could also have affected our 
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observations. For example, fishing pressure and habitat significantly influenced aggregation size 
in the Australian green-lipped abalone, Haliotis laevigata (Shepherd and Partington 1995).  
3.5.2 Reconciling modeled vs. observed fertilization dynamics 
Fertilization success in our field experiment did not match the results from our simulated 
populations. Within the domain of our 30 x 30 m experimental plots we generally observed 
lower fertilization rates than were predicted by the model, whereas outside the plots we often 
measured higher than predicted rates. For both population densities higher fertilization success 
values occurred early in the season while scallops were losing gonadal mass, presumably as a 
result of spawning. The range of fertilization values we recorded during our experiment was on 
par with other broadcast-spawning species in natural habitats (i.e., seastars, Metaxas et al. 2002; 
abalone, Babcock and Keesing 1999; solitary ascidians, Marshall 2002). Many of these studies 
found distance from sperm source to significantly affect fertilization success and thus predicted 
that increasing average density should increase average fertilization success. Our spatial 
autocorrelation analysis of fertilization success collected in the field indicated no statistically 
significant clustering of fertilization success values, and thus no discernible effect of distance for 
any date during our experiment. 
Another explanation for this disparity between model-predicted and empirical data may 
be the effect of polyspermy on fertilization success at high spawner densities.  Evidence in P. 
magellanicus of decreased fertilization success at high sperm concentrations in laboratory 
experiments is most likely attributed to polyspermy (Bayer et al. 2016). Field observations of 
high sperm concentrations associated with decreasing fertilization success have been 
documented for at least one other broadcast spawner. In tide pools, the lowest fertilization 
success values recorded for the solitary ascidian Pyura stolonifera were at both very low and 
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very high sperm concentrations, the latter suggesting the strong effect of polyspermy (Marshall 
2002). This seems unlikely given that the rates of flow scallop experience in their preferred 
habitat are high and causes rapid sperm advection and dilution (Harris 2011).  
Asynchronous spawning is another factor that could explain our lower-than-expected 
fertilization rates inside the boundaries of our experimental plot. If only a fraction of the 
population was spawning at any given time it could dramatically affect fertilization rates 
(Claereboudt 1999). Our field results for both density treatments, however, were on a par with 
the model-estimated, averaged fertilization rates for the low-population density treatment. 
However, higher densities usually have higher rates of synchrony (Gaudette el al. 2006, Levitan 
& Sewell 1998).  
We also observed that while the high density population did not clump significantly in 
July, they did in late August. Our observed July-August spawn is unusual, but perhaps not 
surprising given that 2012 had a record ocean heat wave (Mills et al. 2013, Chen et al. 2014). 
Scallops typically spawn in late August and September in mid-coast Maine (Langton et al. 1987, 
Barber et al. 1988). Many scallop species (including P.magellanicus) are also known to spawn 
multiple times in a season; having a primary small spawn followed by a much larger event 2-4 
weeks later (P. magellanicus, Parsons 1994; Chlamys opercularis, Taylor and Venn 1979; 
Amusium japonicum balloti, Dredge 1981; C. islandica, Sundet & Lee 1984; Pecten alba, Sause 
et al. 1987; P. maximus, Paulet et al. 1988). In early September we recorded a large (~ 1˚ C) drop 
in temperature that we have previously associated with scallop spawning (Bayer et al. 2016).  It 
is possible that there was a second, larger, unobserved spawn in the high density population 
during September 2012 associated with this temperature drop.  
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3.5.3 Reconciling experimental results with previous work  
Our field observations disagree with our previous fertilization research on scallop 
abundance in which we simulated a 30-fold difference in scallop density (Bayer et al. 2016). It is 
possible that the greater density difference in the dock-side experiments explains the disparity. 
There are several other possibilities for the difference between studies. While we used laboratory 
controls to make conservative estimates of fertilization success in the field, there is still the 
chance of sperm contamination from upstream scallop populations. Some broadcast spawners 
have demonstrated remarkable longevity of sperm (Johnson & Yund 2004), and that could be the 
case for P. magellanicus in field conditions. If this were true, it could contribute to our observed 
results of no difference in fertilization success between populations.  
Our previous experimental study used lantern nets to contain scallops and maintain 
population abundance (Bayer et al. 2016). This may have isolated a component Allee effect that 
does not manifest as a demographic Allee, or depensatory, effect (Stephens et al. 1999, 
Gascoigne & Lipcius 2004, Kramer et al. 2009) at the range of densities used in this study and in 
a more natural environment. Decreasing nearest neighbor distances allows scallops to detect 
neurosecretions that regulate spawning synchrony (Barber & Blake 2006) and is important for 
high fertilization success in small population sizes (Levitan & Young 1995). An increase in 
spawning synchrony in low-density populations may decrease the effect of population density. 
Within a few days of our observed highest fertilization values (July 23), there was significant 
spatial autocorrelation of the scallops within the low-density site but not the high density site. 
Our data suggest that scallops may be able to counteract component Allee effects in smaller 
populations and at lower densities by aggregating (Stokesbury & Himmelman 1993).   
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3.5.4 The importance of spatial scale 
 Deciding on the appropriate spatial and temporal scale at which to conduct a field study 
is a perennial challenge in ecological science (Stommel 1963, Haury et al. 1978, Steele 1978, 
Levin 1992). Here we made observations across several critical scales. Our video surveys on 
scallop fishing grounds spanned scales from a few meters (between quadrats) to several 
kilometers (between survey stations) and over months and years. Our field experiments were far 
more spatially constrained by diving logistics than the population surveys, but they were 
designed to be relevant to the probable effective dispersal distance of scallop sperm over their 
viable lives of hours and days.  The interpretation of our results are only applicable to the scale at 
which they were measured. Most importantly, our study revealed that simply scaling up an 
individual model for sperm advection, diffusion, and fertilization success did not capture the 
variability we observed at the scale of a small spawning population over one reproductive 
season.  
3.5.5 Suggested model improvements  
Given the difference between the model and the field experiments, it may be that this 
particular model is not a good fit for the fertilization dynamics of P. magellanicus and possibly 
other broadcast spawners. Our fertilization assay stations showed no statistically significant 
spatial patterns (Table C.1) likely reflecting extensive physical mixing and flow variability 
typical of this tidal estuary. The steady state modeled assumes a constant flow at a given location 
and does not account for the variation in direction and velocity observed in a tidal system, nor 
does it account for the pulsed nature of spawning in most free spawners. In Equation 2, the 
fertilization ratio, F does not decrease very much with increasing 𝑢 at a given sperm 
concentration (C), particularly at realistic values (Fig. D.1). This insensitivity results from the 
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multiplicative effect of shear velocity (𝑢∗)  on sperm-egg encounters in the equation for F 
(Equation 3.2). Under low flow conditions, increases in shear can positively affect fertilization 
success, whereas high flows decrease residence time and the probability of sperm-egg interaction 
(Babcock et al. 1994, Zimmer & Riffell 2011). Excessive shear has been shown to inhibit 
fertilization in other broadcasting species (e.g. Strongylocentrotus purpuratus, Mead and Denny 
1995; Haliotis rufescens, Zimmer & Riffell 2011). In laboratory experiments, Riffell & Zimmer 
(2007) discovered that fertilization success decreased at shears > 1.0 s-1 (𝑢∗ = 0.001 m s-1) for H. 
rufescens gametes.  
Another element to consider for incorporation into future fertilization models is sperm 
swimming behavior. It’s been found across three phyla (oyster, Crassostrea gigas; polychaete, 
Galeolaria caespitosa; fish, Gasterosteus acleatus) that sperm often accumulate against surfaces 
(Falkenberg et al. 2016); in situ, this behavior could potentially result in sperm accumulation in 
the benthic boundary layer. Scallop eggs are negatively buoyant, so downward sperm swimming 
may also be an adaptive behavior.  Exploring how these dynamics may relate to average 
fertilization results recorded at a tractable ecological study scale may be important for 
interpretation of both field and laboratory studies of fertilization dynamics.  
3.5.6 Conclusions 
Although we observed no strong effects of population density on fertilization success 
over a range of densities observed in the northwest Atlantic, this result suggests that nearest-
neighbor distances may matter significantly at small population sizes and implies that small 
scallop populations may be able to produce relatively high per capita fertilization rates. Although 
we did not see greater fertilization success at high population densities in our short-term field 
experiments, this result may not apply to areas closed to fishing where we observed high 
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population densities. Even if fertilization success (a percentage) is the same across a range of 
population densities, if scallops are larger and in greater numbers in closed areas, as was 
observed in our video surveys, ultimately more larvae will be produced from closed areas. Given 
the exponential relationship between shell height and gonad size, the greater average shell height 
in fishing closures in the northwest Atlantic imply that these regions produce more larvae per 
capita than open areas.  Our observations of (1) greater average shell height in closed areas, and 
(2) high fertilization success observed at low population densities, are encouraging signs of the 
effectiveness of protecting broadcast spawners through marine protected areas and fishing 
closures.  
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CHAPTER 4 
DEVELOPING A GENETIC TOOLKIT FOR QUANTIFYING SPAWNING EVENTS IN 
SEA SCALLOPS 
4.1 ABSTRACT 
The sea scallop (Placopecten magellanicus) is a valuable commercial species harvested 
in the northwest Atlantic. It is a broadcast spawner, releasing gametes into the water column for 
fertilization. Monitoring spawning events would inform predictions of future scallop stocks, 
however detecting such events in real-time is extremely difficult. It is nearly impossible to 
visually distinguish scallop gametes from other bivalve gametes; therefore genetic techniques are 
preferable to detect and quantify scallop gametes from field-collected plankton samples. The 
main objective of our project was the development of a quantitative real-time PCR (qPCR) 
survey technique as a quick and reliable way to detect sea scallop (Placopecten magellanicus) 
gametes (eggs and sperm) in plankton samples. The steps we took in developing this method 
included (1) selecting and sequencing a region of the scallop genome, (2) developing a species-
specific probe and primer set based on our targeted sequencing, and (3) testing the developed 
probe and primer set on a dilution series of scallop sperm and eggs to quantify the relationship 
between number of cells and DNA copy number. We targeted the intergenic transcribed spacer 
(ITS) region, which is a non-coding region of nuclear DNA located between the small-subunit 
ribosomal RNA (rRNA) and large-subunit rRNA genes. We conducted PCR on the P. 
magellanicus ITS region using eukaryotic-specific primers and generated the first PCR-based 
sequences of the P. magellanicus ITS region.  Cloned templates of the P. magellanicus ITS 
region provided standards for our qPCR assay and helped to confirm the efficacy of our novel 
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probe and primer set. The results from a dilution series of both cloned DNA template and P. 
magellanicus sperm cells show a clear relationship between DNA copy number and sperm cell 
abundance, indicating that this method would be reliable for detecting sperm release in male 
scallops during spawning events. In the future, we think this method should be tested on 
plankton samples from spawning scallop populations. Ultimately, we believe that this method 
can be used to gain a more realistic estimate of the timing and magnitude of scallop reproductive 
events in the field in order to improve stock assessment models.  
4.2 INTRODUCTION 
Marine organisms spanning multiple phyla broadcast gametes into the sea where 
successful fertilization depends on having high concentrations of viable sperm. High density 
spawning aggregations of adults can ensure high levels of fertilization success (the percentage of 
eggs fertilized) before gametes become diluted (Allee 1931, Levitan et al. 1992, Levitan & 
Young 1995, Gaudette et al. 2006). Empirical data on fertilization success in natural broadcast 
spawner populations are relatively rare and generally qualitative (Levitan &Sewell 1998). To 
date, field studies on fertilization dynamics have been conducted on a relatively small set of 
experimentally tractable free spawning invertebrates and fishes: including hard corals 
(Montipora digitata, Favites pentagona, Platygyra sinensis, Oliver and Babcock 1992, 
Acanthaster planci, Babcock and Mundy 1992), soft corals (Briareum asbestinum, Brazeau and 
Lasker 1992), sea cucumbers (Bohadschia argus, Eupta godeffroyi, Stichopus variegatus, 
Holothuria coluber, Actinopyga lecanora, Bohadschia graffei, Babcock et al. 1992), sea urchins 
(Strongylocentrotus droebachiensis, Pennington 1985, Wahle & Peckham 1999, Gaudette et al. 
2006; Strongylocentrotus franciscanus, Levitan et al. 1992, Levitan 2004) and bluehead wrasse 
(Thalassoma bifasciatum, Petersen et al. 1992, Warner et al. 1995).Together they suggest that 
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fertilization success can be quite variable, frequently being well below 100% at low adult 
densities and conditions that promote the rapid dilution of gametes. 
These results underscore a long-standing concern that commercially exploited fishes and 
invertebrates with this mode of reproduction may be especially vulnerable to recruitment failure 
when populations are depleted (Myers et al. 1995, Petersen & Levitan 2001, Rowe et al. 2004). 
Aggregating behavior has been observed specifically during the spawning season. Sedentary or 
slow moving broadcast spawners that form spawning aggregations, such as the abalone (Haliotis 
kamtschatkana, Seamone & Boulding 2011) and scallop (Chlamys asperrima and Chlamys 
bifrons, Styan & Butler 2003; Pecten fumatus, Mendo et al. 2014), may be particularly 
vulnerable to the effects of fishing activity that target these aggregations.  
Field experiments with experimentally tractable species have contributed considerably to 
understanding the importance of sperm limitation in the wild, but they also illustrate the 
challenges of measuring fertilization in situ. Some investigators have collected naturally 
spawned gametes in the wild using various pumps, filters, suction samplers and large bags (e.g. 
Levitan 1991, Petersen et al. 1992, Warner et al. 1995, Styan 1997, Petersen et al. 2001). These 
methods may bias estimates of fertilization by artificially exposing eggs to high concentrations 
of sperm for longer than they would normally experience (Levitan 1995). Fertilization kinetic 
models predict that most sperm and egg collisions occur within the first few seconds of exposure 
and experimental artifacts biasing the measure of fertilization success may come from artificially 
altering the duration of exposure (Vogel et al. 1982, Styan 1998b). Several field studies have 
deployed freshly spawned, unfertilized eggs in synthetic mesh (e.g. nylon) chambers that retain 
the eggs but are permeable to sperm (Levitan et al. 1992, Levitan & Young 1995, Wahle & 
Peckham 1999, Gaudette et al. 2006, Bayer et al. 2016). Such chambers inevitably alter natural 
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transport of gametes and can produce experimental artifacts by impeding the flow through 
containers while keeping eggs stationary, which increases the amount of water and therefore the 
amount of sperm encountered by eggs (Levitan 1991, Levitan et al. 1992). Nonetheless, these 
methods have been recommended for eggs that are barely visible and at low concentrations 
(Styan 1997).  
Molecular techniques to identify and quantify species-specific DNA from sea water 
samples through genetic markers have been applied extensively to eukaryotic microbes -  
(Countway & Caron 2006, Moorthi et al. 2006, Garneau et al. 2011), marine viruses (Hewson et 
al. 2011, Matteson et al. 2013) as well as diverse groups of bacteria and archaea (Suzuki et al. 
2000, Schwalbach & Fuhrman 2005, Ahlgren & Rocap 2012). These same molecular techniques 
have been used to identify and quantify metazoan DNA including invertebrate larvae (pinot 
abalone Haliotis kamtschatkana, Vadopalas et al. 2006; sea lice, Lepeophtheirus salmonis and 
Caligus elongates, McBeath et al. 2006; sandy swimming crab, Liocarcinus depurator, Pan et al. 
2008) and fin fish embryos (cod, Gadus morhua, haddock Melanogrammus aeglefinus and 
whiting Merlangius merlangus, Taylor et al. 2002; cod, Gadus morhua, Fox et al. 2005). 
Information gained from these studies have helped estimate larval dispersal (McBeath et al. 
2006), and inform stock assessments (Fox et al. 2005). 
The sea scallop, Placopecten magellanicus, is a sedentary, gonochoristic, broadcast 
spawner found in the coastal and shelf waters of the Northwest Atlantic. Rescued from the brink 
of widespread depletion through a strategy of effort controls and area closures, the sea scallop is 
considered one of the few existing success stories in fishery management (Hart and Rago 2006). 
While key components of recruitment, such as adult gamete production (Langton et al. 1987), 
larval transport (Tremblay et al. 1994, Tian et al. 2009), juvenile mortality (Wong and Barbeau 
	  71	  
	  
2003) and patchiness (Carey et al. 2013) have been subjects of intensive study, the recent 
literature reflects a growing recognition how little empirical information is available on the role 
of spawning and fertilization dynamics as a potentially critical step in the recruitment process for 
scallops (Stokesbury 1999, Smith and Rago 2004, Harris 2011, Stokesbury 2012). While 
information on the timing of spawning events can be gathered from gonad indices (Langton et al. 
1987, Bonardelli et al. 1996, Thompson et al. 2014, Bayer et al. 2016), these data are not at high 
temporal resolution nor do they quantify the actual magnitude of a local spawning event. 
Molecular techniques used to detect invertebrate larvae and eukaryotic plankton are perfectly 
suited to be developed to detect sea scallop sperm presence and abundance from sea water 
samples.  
This study describes development and application of a real-time quantitative PCR assay 
for high-throughput detection and quantification of sea scallop sperm in seawater samples. The 
steps we took in developing this method included (1) selecting and sequencing a unique region 
of the scallop genome, (2) developing a probe and primer set to detect a diagnostic DNA 
fragment within this region, and (3) testing the developed probe and primer set on a dilution 
series of scallop sperm and eggs to quantify the relationship between cell abundance and DNA 
copy number. 
4.3 METHODS & MATERIALS 
4.3.1 DNA Extraction, Cultures, Cloning and Sequencing  
We sampled P. magellanicus mantle tissue using a minimally invasive approach and 
stored this material at -20 °C before extraction using the E.Z.N.A.® Mollusc DNA Kit, 
following the manufacturer’s protocol. DNA was quantified using a Qubit fluorometer and the 
Broad Range (BR) Qubit detection reagents.  PCR was performed using approximately 5 and 15 
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ng of purified scallop DNA per reaction and 500 nM of the ITS primers Euk-B Forward: 
GTAGGTGAACCTGCAGAAGGATC and NLR204: ATATGCTTAARTTCAGCGGGT to 
amplify the intergenic transcribed spacer (ITS) region between the small-subunit ribosomal RNA 
(rRNA) and large-subunit rRNA genes for cloning. The amplified DNA was run in triplicate 
through a 1% agarose gel (Fig. 4.1) to isolate an ~750 basepair PCR product spanning the entire 
ITS region of P. magellanicus. The PCR product was band-isolated, excised from the gel, and 
purified using the Wizard® SV Gel and PCR Clean-Up kit (Promega) PCR products were ligated 
into the pCR4-TOPO® cloning vector and cloned into One Shot® TOP-10 chemically 
competent cells following the manufacturer’s protocols included with the TOPO® TA Cloning® 
Kit for Sequencing (Invitrogen). 
 
Fig. 4.1. Electrophoresis gel of ITS region: Gel of amplified ITS region from genomic DNA 
extract of fresh P. magellanicus tissue. Triplicate amplifications at each of two diluted DNA 
concentrations (1:50, 1:20, respectively). 1.2% gel in TAE. 100V for 60 min 
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ITS clones were plated and grown overnight on LB plates with Kanamycin (50 µg ml-1).  
Individual colonies were picked from the plates and grown overnight in TB broth with 
Kanamycin (50 µg ml-1) prior to extraction of plasmid DNA using the Zyppy™ Plasmid 
Miniprep Kit (Zymo Research).  Eight of the ITS clones were selected at random and sent to 
Eurofins Genomics (Louisville, Kentucky) for Sanger DNA sequencing using T3 and T7 
sequencing primers to obtain full-length ITS sequences (Genbank Accession Numbers: 
XXXXX-YYYYY).  Two micrograms of plasmid DNA from each of the clones was linearized 
with the NotI-HF® restriction enzyme (New England Biolabs) in 12-hour reactions, prior to 
band-isolation on a 0.8% TAE gel and purification with the Wizard® SV gel kit. Linearized 
plasmid DNA was subsequently used as a DNA standard for the P. magellanicus qPCR assay. 
4.3.2 Probe and Primer Design 
We compared the eight P. magellanicus ITS sequences to existing ITS sequences in 
GenBank and discovered that our sequenced clones (amplicons, Table 4.1) had no close matches 
within the GenBank database. In fact, to the best of our knowledge, these are the first PCR-
generated ITS sequences generated for P. magellanicus. Using our newly sequenced ITS clones, 
we developed a Taqman® MGB (Thermo Fisher Scientific) based qPCR assay (Heid et al. 1996, 
Holland et al. 1991) to quantify P. magellanicus sperm cells. The eight clone sequences were 
aligned in Geneious (v.9.1) and then imported into AlleleID (v.7.83) to search for the best DNA 
probe, forward and reverse primers. The resulting primers and probe were compared to all other 
sequences in GenBank using BLAST to minimize the chance of false positives from other 
organisms in seawater samples. 
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Table 4.1. ITS Region Clones for Placopecten magellanicus: Name submitted to GenBank 
database and amplicon region of ITS region of clones derived from mantle tissue.  
 
Clone Amplicon Region 
Scal_ITS_01_contig_ 
Placopecten_1 
CAGCCTGAAATCGAGATGATCTTATTATCACTCTAAGCGGTGGATCACTCGG
CTCGTGTGTCGATGAAGAGCGCAGCCAGGTGCGTGAATTAATGTGAATTGCA
GGACACATTGAACATCGATATCTTGAACGCACATTGCGGCCCCGGGTCACTC
CCGGAGCCACGCCTGTCTGAGGGTCGGCAGCACATCTATCGCAACTGTATGC
ATG 
Scal_ITS_02_contig_1 CAGCCTGAAATCGAGATGATCTTATTATCACTCTAAGCGGTGGATCACTCGG
CTCGTGTGTCGATGAAGAGCGCAGCCAGGTGCGTTAATTAATGTGAATTGCA
GGACACATTGAACATCGATATCTTGAACGCACATTGCGGCCCCGGGTCACTC
CCGGAGCCACGCCTGTCTGAGGGTCGGCAGCACATCTATCGCAACTGTATGC
ATG 
Scal_ITS_03_contig_1 CAGCCTGAAATCGAGATGATCTTATTATCACTCTAAGCGGTGGATCACTCGG
CTCGTGTGTCGATGAAGAGCGCAGCCAGGTGCGTGAATTAATGTGAATTGCA
GGACACATTGAACATCGATATCTTGAACGCACATTGCGGCCCCGGGTCACTC
CCGGAGCCACGCCTGTCTGAGGGTCGGCAGCACATCTATCGCAACTGTATGC
ATG 
Scal_ITS_04_contig_1 CAGCCTGAAATCGAGATGATCTTATTATCACTCTAAGCGGTGGATCACTCGG
CTCGTGTGTCGATGAAGAGCGCAGCCAGGTGCGTGAATTAATGTGAATTGCA
GGACACATTGAACATCGATATCTTGAACGCACATTGCGGCCCCGGGTCACTC
CCGGAGCCACGCCTGTCTGAGGGTCGGCAGCACATCTATCGCAACTGTATGC
ATG 
Scal_ITS_05_contig_1 CAGCCTGAAATCGAGATGATCTTATTATCACTCTAAGCGGTGGATCACTCGG
CTCGTGTGTCGATGAAGAGCGCAGCCAGGTGCGTTAATTAATGTGAATTGCA
GGACACATTGAACATCGATATCTTGAACGCACATTGCGGCCTCGGGTCACTC
CCGGAGCCACGCCTGTCTGAGGGTCGGCAGCACATCTATCGCAACTGTATGC
ATG 
Scal_ITS_06_contig_1 CAGCCTGAAATCGAGATGATCTTATTATCACTCTAAGCGGTGGATCACTCGG
CTCGTGTGTCGATGAAGAGCGCAGCCAGGTGCGTGAATTAATGTGAATTGCA
GGACACATTGAACATCGATATCTTGAACGCACATTGCGGCCCCGGGTCACTC
CCGGAGCCACGCCTGTCTGAGGGTCGGCAGCACATCTATCGCAACTGTATGC
ATG 
Scal_ITS_07_contig_1 CAGCCTGAAATCGAGATGATCTTATTATCACTCTAAGCGGTGGATCACTCGG
CTCGTGTGTCGATGAAGAGCGCAGCCAGGTGCGTGAATTAATGTGAATTGCA
GGACACATTGAACATCGATACCTTGAACGCACATTGCGGCCCCGGGTCACTC
CCGGAGCCACGCCTGTCTGAGGGTCGGCAGCACATCTATCGCAACTGTATGC
ATG 
Scal_ITS_08_contig_1 CAGCCTGAAATCGAGATGATCTTATTATCACTCTAAGCGGTGGATCACTCGG
CTCGTGTGTCGATGAAGAGCGCAGCCAGGTGCGTGAATTAATGTGAATTGCA
GGACACATTGAACATCGATATCTTGAACGCACATTGCGGCCCCGGGTCACTC
CCGGAGCCACGCCTGTCTGAGGGTCGGCAGCACATCTATCGCAACTGTATGC
ATG 
 
Table 4.2. TaqMan Probe and Primer Sequences: Properties including sequence, length, melting 
temperature (Tm) and GC base content of Placopecten magellanicus-specific TaqMan probe and 
primers. 
 
Name Sequence (5’à3’) Length (nucleotides) Tm (°C) %GC 
Pmag_304F TATTATCACTCTAAGCGG 18 68 38.9 
Pmag_282F  CAGCCTGAAATCGAGATG 18 59.1 50 
Pmag_492R CATGCATACAGTTGCGATA 19 59.2 42.1 
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 The design and analysis of primers and probe for P. magellanicus appeared to be highly-
specific for the sea scallop.  The forward primer (Pmag_282F) was located at positions 282 
through 299 and the reverse primer (Pmag_492R) at positions 474 through 492 relative to our P. 
magellanicus ITS sequences (alignment available upon request). The probe (Pmag_304F) was 
located very close to the forward primer at positions 304 through 321 and was labelled on the 5’-
end with the fluorescent reporter dye 6-carboxyflourescein (FAM) and on the 3’-end with a non-
fluorescent quencher to suppress the FAM fluorescence in the absence of amplification and a 
minor groove binder (MGB) to increase the melting temperature of the relatively short probe.  
The FAM dye is separated from the quencher during DNA amplification by the 5’-exonuclease 
activity of Taq DNA polymerase, causing emission of a fluorescence signal that is captured by a 
detector at the end of the combined annealing/extension step. The cumulative increase in 
fluorescence is proportional to the amount of amplified DNA and the probe-based TaqMan assay 
ensures that the fluorescence is only due to amplification of the specific DNA target.  
4.3.3 Calibration and testing of qPCR method 
Copy numbers per microliter of the cloned PCR products were calculated for each of the 
eight P. magellanicus ITS clones based on their DNA concentrations and the exact nucleotide 
composition of the PCR product plus cloning vector. Each of the ITS clones had a slightly 
different DNA sequence (likely due to the presence of multiple copies of the ITS region in the 
sea scallop genome) so an equal number of copies of each clone was mixed to produce a 
composite linear ITS standard with a concentration of 3.7 x 109 copies µl-1. The composite linear 
standard was serially diluted to create a standard curve spanning eight orders of magnitude (e.g., 
10-2, 10-3, 10-4, 10-5, 10-6, 10-7, 10-8, 10-9). All reagents, samples, and standards were prepared on 
ice prior to thermal cycling. Reactions of DNA standards were prepared as follows: 1 µl aliquot 
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of each diluted ITS standard, 10 µl of 2x PrimeTime® Gene Expression  Master Mix (Integrated 
DNA Technologies), 1 µl each of the forward and the reverse primers (500 nM final 
concentration of each), 0.5 µl of the probe (250 nM final concentration), and 5.5 µl of deionized 
water. All samples, standards and no-template controls (NTCs) were loaded in triplicate on a 
white-well PCR plate (BioRad) and amplified on a Bio-Rad CFX96 real-time PCR system.  
Thermal cycling consisted of an initial denaturation step of 3 minutes at 95 °C, followed by 40 
cycles of 95 °C for 15 s  61 °C for 30 s. Real-time relative fluorescence unit (RFU) values were 
collected after the combined annealing/extension step.  
4.3.4 Collection of scallop gametes 
Male sea scallops were collected from hanging nets at the Darling Marine Center (Maine, 
USA) during the first week of September, 2016. Spawning tables (117 cm x 84 cm) were filled 
15 cm deep with filtered (1 µl) UV-sterilized sea water that were cooled to 10°C. Male scallops 
were transferred to spawning tables from ambient (~16°C) unfiltered seawater and induced to 
spawn via a cold shock as in Bayer et al. (2016). Two-hundred and fifty mL of fresh, 
concentrated sperm cells were collected in a 250 mL, acid washed container and serially diluted 
twice and filtered onto 0.2 µm, 47 mm diameter Supor filters (Whatman), and stored at -20°C 
until DNA extraction. This dilution series was repeated five times, with each initial sample 
collected from ambient sperm concentrations within the spawning table, and a subsample 
collected in a 1.5 mL vial, and preserved in 4% formalin for cell counts. Three subsamples of 
sperm cells were counted in a hemocytometer using standard counting protocols as described in 
Andersen & Throndsen (2004). 
Cells from the frozen Supor filters were lysed and DNA extracted using a MM400 Retsch 
Mixer Mill, a 5 mL sample-tube adapter (MoBio) and the PowerWater DNA extraction and 
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purification kit (MoBio). TaqMan qPCR was performed on the extracted samples with the P. 
magellanicus probe and primers described above using 1 µl aliquots of each purified DNA 
sample in triplicate. Using the standard curve from the linearized-plasmid dilution series, we 
translated Cq values (qPCR threshold cycle number) from cell-based DNA samples to gene copy 
numbers to investigate the relationship between gene copy number and cell counts.  
4.4 RESULTS 
Real-time qPCR showed a clear logistical relationship between Cq values from cell 
extracts and gene copy numbers using the probe and primers designed from the P. magellanicus 
ITS region (Fig. 4.2). No Template Control (NTC) values were >38, indicating very little 
background contamination, suggesting the vast majority of the signal from the cell-based 
samples was due to the extracted DNA from P. magellanicus sperm cells.  After translating Cq 
values from the standard curve to gene copy numbers, the sperm dilution series indicates a strong 
relationship between gene copy number and cell count (Fig. 4.3). 
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Fig. 4.2. Cq values for clone dilution series: Real-time PCR cycle number (Cq) vs. gene copy 
number (GC) for dilution series of standard clonal P. magellanicus ITS regions. Gene copy is 
plotted on a logarithmic scale 
 
 
Fig. 4.3. Gene Number Count vs. Sperm Cell Count: Cell count of P. magellanicus sperm vs. 
gene copy number (GC) from five independent dilution series (red, blue, green, black and purple 
filled circles) 
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4.5 DISCUSSION 
Our clonal DNA dilution series indicates a reliable relationship between Cq values from 
cell extracts and gene copy numbers using the TaqMan probe and primer set that we developed 
for the ITS region of P. magellanicus (Table 4.2). The application of the dilution series to our 
collected sperm samples suggests that not all sperm cells may be properly lysed during the DNA 
extraction process or may be undercounted in our hemocytometer estimates. It is very unlikely 
that scallop sperm cells do not contain the ITS region. Another possibility is that our developed 
TaqMan probe and primers do not bind well to other variations of the P. magellanicus ITS 
region – however the region we targeted showed very little DNA variation among the eight ITS 
clones (e.g., only three single-nucleotide variants among four of the eight sequences between the 
forward and reverse primers, and none of these within the probe or primer regions). There could 
be hundreds of minor variations in the ITS region within the P. magellanicus genome but this is 
still unknown since the P. magellanicus genome has not yet been sequenced. Despite the 
mismatch between cell counts and gene copy numbers, the strong linear relationship (Fig. 4.3) 
suggests that any possible errors related to cell lysis, cell abundance estimates or undetected 
variation in the ITS regions compatible with our probe and primer set is consistent across all 
samples.  
Accurate identification of invertebrate gametes (eggs or sperm) can be extraordinarily 
difficult in the lab and next to impossible in the field using non-molecular methods. Creating a 
species-specific probe to detect sperm allows us to monitor and quantify sea scallop spawning 
events and estimate the size of subsequent larval output from water samples taken in situ. 
Applying our probe on plankton samples collected near scallop beds will help us to indicate the 
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presence and timing of spawning events. Collection of size-fractionated samples would help us 
to distinguish sperm cells from eggs, embryos and larvae (~10x the size of sperm; Naidu, 1970).  
The role of sperm limitation in population dynamics of free-spawning species has been a 
long-standing question in marine ecology (Petersen and Levitan 2001), particularly for species 
species whose populations have been commercially exploited or experienced high levels of 
natural mortality (Yund 2000, Petersen & Levitan 2001, Gascoigne & Lipcius 2004). The 
challenge has been to detect and quantify gametes in wild populations as they are spawned. One 
approach has been to use time integrated fertilization assays (Levitan et al. 1992, Levitan & 
Young 1995, Gaudette et al. 2006, Bayer et al. 2016), a method that requires the deployment of 
viable unfertilized eggs in situ in artificial containers. The method is tractable for a small group 
of species, and is prone to experimental artifacts (Levitan 1991, Levitan et al. 1992, Styan 1998a, 
Bayer et al. 2016).  The molecular probe we describe could dramatically enhance the 
measurement of spawning events, and aid our understanding of spawning and fertilization 
dynamics in nature.  
Our probe is species specific, and could aid in quantifying other water-borne life stages in 
addition to sperm, such as eggs, embryos and larvae. Identifying gamete and embryo presence 
and abundance has influenced stock assessments for cod in the Irish Sea using similar molecular 
methods (Fox et al. 2008). Several larval parasitic copepod species, usually difficult to 
distinguish by eye, were accurately identified and quantified in plankton samples by a TaqMan 
probe and primer set (McBeath et al. 2006). Given that bivalve larvae can be difficult to 
distinguish to the level of species, regular collection of plankton samples subjected to qPCR 
analysis can identify when and where larval cohorts are abundant and within the boundaries of 
critical fishing grounds, which may influence fishery management and the designation of area 
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closures.  This method has the potential to be far more practical and less artifact-prone than the 
using time integrated fertilization assays, as we have previously used to assess spawning events 
(Bayer et al. 2016). The method also opens the possibility to analyze spawning events in remote 
and hard to access locations that do not lend themselves to fertilization assays, such as offshore 
and deep-water populations.  As for the specific scallop probe we have developed in this study, 
we see the next step in this line of inquiry being to investigate spawning events around 
aggregations of adult scallop in coastal Maine during the reproductive season.  
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CHAPTER 5 
SYNTHESIS 
 
5.1 REVIEW OF MAJOR FINDINGS 
 The goal of this dissertation was to develop and apply tools to the study of fertilization 
dynamics of sea scallops in small populations. Empirical measurements of the effect of adult 
density on fertilization success are the first critical step in the spawner-to-recruit relationship. 
The development and application of time-integrated fertilization assays revealed both important 
data and the limitations of this particular method. The development of a molecular technique for 
identifying and quantifying P. magellanicus spawning events may open new doors for field 
studies of spawning dynamics by side-stepping logistical issues inherent in time-intergrated 
fertilization assays. 
 Chapter 1 reviews the relevance of of fertilization success in the context of recruitment 
and population dynamics in fishery species, and in particular broadcast spawning invertebrates. 
After reviewing existing studies on fertilization success in both vertebrate and invertebrate 
marine organisms, I lay out a case as to why sea scallops are an opportune species to study 
fertilization dynamics. This chapter also reviews and explains the difference between component 
and demographic Allee effects.  
 Chapter 2 demonstrated the feasibility of measuring fertilization success with synthetic 
mesh fertilization chambers in a field experiment modeled after similar chambers to those used 
in earlier studies with sea urchins (Wahle & Peckham 1999, Gaudette et al. 2006).  A 30-fold 
difference in the density of spawning scallops suspended in lantern nets significantly affected 
fertilization success measured with these fertilization chambers. These experiments were the first 
to measure fertilization success in P. magellanicus in the field, and provided justification to 
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explore the conditions under which sperm limitation may be a component Allee effect in this 
species.  
 In Chapter 3, I used fertilization chambers in a more realistic experiment manipulating 
densities of adult scallops in the benthic environment. This was perhaps the most ambitious and 
risky experiment of this dissertation.  I developed a population level fertilization model 
(Claereboudt 1999) to predict fertilization success under varying degrees of aggregation and 
density and compared model predictions to our field results. We observed a rise and fall in 
overall fertilization success and gonad indices during the spawning season. However, contrary to 
model predictions, we detected no statistical difference in fertilization success across a 10-fold 
difference in population density. Although flow conditions in the two experimental populations 
were similar, scallops may have spawned asynchronously, and therefore the fraction of eggs 
fertilized were not proportional to scallop density. Scallops at lower densities may have 
aggregated to reduce nearest neighbor distances to compensate for low density and increase 
fertilization success. Despite our dockside experiment (Chapter 2), in which we detected a 
density effect on fertilization success over a 30-fold difference in density, in this more realistic 
experiment with only a 10-fold density difference, we detected no evidence of a density-related 
effect on fertilization rates.  Chapter 3 also examined the hypothesis that areas closed to scallop 
fishing on Georges Bank and the Mid Atlantic shelf resulted in larger body sizes, higher densities 
and more aggregated populations of adult scallops.  Statistical analysis supported the first two, 
but not the third hypothesis.   
 In Chapter 4, I explored a molecular approach to detecting scallop gametes in the water 
column. I sequenced the ITS region in the P. magellanicus genome, developed a quantitative 
real-time PCR fluorescent probe and primer for the region, and successfully applied it to quantify 
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the density of sperm cells in the water column. This method could provide a new avenue for 
studying the relationships between scallop population size and spawning events in the field.  
5.2 FUTURE RESEARCH 
5.2.1 Component and demographic Allee effects in scallops  
Depensatory or demographic Allee effects are understudied and hard to identify in many 
marine systems (Myers et al. 1995). If a demographic Allee effect exists, there must be an 
underlying component Allee effect, but a component Allee effect may exists without a resulting 
demographic Allee effect (reviewed in Berec et al. 2007). The dockside experiment (Chapter 2, 
Bayer et al. 2016) isolated the effect of population density on fertilization success through the 
use of fertilization chambers. The observations are consistent with the hypothesis that sperm 
limitation may be a component Allee effect that is mitigated by aggregation behavior of scallops 
(Stokesbury & Himmelman 1993). 
If scallops are depleted or scattered beyond their ability to aggregate, as a result of high 
mortality or fishing activity, a demographic Allee or depensatory effect may become apparent. 
This threshold may have been crossed in several abalone species, where individuals were spread 
so far apart the probability of encountering another abalone in their lifetime was very small 
(Davis et al. 1996, Levitan & McGovern 2005). In Chapter 3, the densities of scallops in the 
experimental populations did not span a population density where this effect was apparent. 
Future experimentation to identify this threshold would be important for informing fishery 
models that do not account for latent Allee effects that may not be revealed until heavy 
exploitation (Gascoigne & Lipcius 2004, Berec et al. 2007). 
Incorporating sperm limitation as a component Allee effect in traditional population 
models (as in Gascoigne & Lipcius 2004), may produce testable hypotheses about their impact 
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on population dynamics. Most studies exploring Allee effects in population model simulations 
assume a single open population or stock (i.e., Liermann & Hilborn 2001). If scallops on 
Georges Bank truly have refuge populations in closed areas that can ‘rescue’ other areas (Harris 
2011), an analysis of population connectivity would be relevant to population models that 
account for Allee effects that manifest on large spatial scales3. The physical scale of connectivity 
(i.e. larval transport and subsequent gene flow), the spatial scale of a scallop population and the 
strength of the component Allee effects would all need to be carefully considered. The strength 
of Allee effects would need to be determined through more population manipulation experiments 
at multiple life stages, and consider the influence of predators, food availability and flow fields.  
5.2.2 Scallop spawning behavior and cues  
The fertilization assays of P. magellanicus observed in Chapters 2 and 3 suggests some 
large synchronous spawns, as well as intermittent, smaller spawns (Fig. 3.6). The gonad indices 
(Fig. 2.5, Fig. 3.6) also suggest that spawning can be protracted over weeks and may vary from 
year to year (e.g. Langston et al. 1987). These observations are consistent with previous research 
on P. magellanicus spawning with timing and length of the spawning season varying with local 
cues (Langton et al. 1987, Parsons 1994, Bonardelli et al. 1996). Physical cues have also been 
observed to trigger scallop spawning. Warm water downwelling events are thought to trigger 
scallop spawning in Baie des Chaleurs (Bonardelli et al. 1996) In contrast, a large temperature 
decrease (~ 1°C) coincided with drops in the gonad index in our studies in the Damariscotta 
River estuary (Fig. 2.5, Fig. 3.6). In Passamaquoddy Bay, Maine, spawning was significantly 
correlated with new and full moons, indicative of tidal events (Parsons et al. 1992, Parsons 
                                                
3 Allee effects on subpopulation growth rate can also cause metapopulation level ‘Allee effects’ 
on a larger spatial scale, with a critical number of subpopulations below which the 
metapopulation will go extinct (Courchamp et al. 2000).  
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1994), but lunar trends were not indicated to play a role in scallop spawning in the Baie de 
Chaleurs, Canada (Bonardelli et al. 1996). While I conducted no formal analysis of lunar 
spawning triggers in this study, it is worthwhile noting that I achieved the greatest success of 
inducing scallops to spawn in flowing sea water tanks during the lunar third quarter from 2011 
through 2016 (Bayer, pers. obs.).  The exception to this was 2012, when we experienced a 
record-breaking warming event in the Gulf of Maine (Mills et al. 2013, Pershing et al. 2015).  
 Multiple spawning events within one reproductive season have been recorded in P. 
magellanicus; in Passamaquoddy Bay, scallops released the majority (40-60%) of gametes 
during one spawning event and released the remainder about two weeks later (Parsons 1994).  
Parsons (1994) found evidence in some P. magellanicus populations of early partial spawning 
and subsequent recovery (regeneration) before the largest spawning of the season one month 
later. This phenomenon has been observed in several species of scallops (Chlamys opercularis, 
Taylor and Venn 1979; Amusium japonicum balloti, Dredge 1981; C. islandica, Sundet & Lee 
1984; Pecten alba, Sause et al. 1987; P. maximus, Paulet et al. 1988). Thompson et al. (2014) 
demonstrated that P. magellanicus populations on Georges Bank have a spring and fall spawn. 
Whether or not this is part of the same multiple-spawn bet-hedging strategy that nearshore 
populations enable during the summer and fall seasons deserves further study. Barber et al. 
(1988) found that nearshore populations were more synchronous than deepwater Gulf of Maine 
populations. Several investigators have speculated that early, or multiple spawning behavior may 
in effect be a bet-hedging strategy that ensures larval production. This interpopulation difference 
in spawning strategies may also be indicative of the intensity of reception to cues such as 
temperature changes, food availability or even light. Understanding what triggers spawning 
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events and how frequently they are would provide a better understanding of larval population 
abundance and survival over the year.  
Another factor that may influence scallop reproductive behavior is body size. Scallop size 
may influence how frequently individuals spawn, as evidence of larger gonads in Chlamys 
bifrons produced more frequent spawns instead of more intense single spawning events (Styan & 
Butler 2003). This may be especially important in small, isolated populations. Larger scallops 
found offshore may also greatly increase their chances of producing larvae because of frequent 
smaller spawning events. Exploring the overall predicted larval output of populations with larger 
shell heights (as observed in closed areas, Fig. 3.3) with fertilization assay experiments would be 
insightful. Quantitative real-time PCR methods, like the one developed in Chapter 4, could 
provide more accurate estimates of spawning event frequency and intensity.  
5.2.3 Scallop gamete characteristics and environmental factors      
 The fertilization model I used in Chapter 3 (Vogel et al. 1982, Claereboudt 1999) was 
based predominantly on experiments with sea urchins (Vogel et al. 1982, Pennington 1985, 
Levitan et al. 1991). While the sea urchin reproductive system has been a model organism for 
fertilization and development studies since the late 19th century, it is not necessarily broadly 
representative of the fertilization dynamics in the great diversity of marine broadcast spawners. 
While studies from model broadcast spawning mollusks, such as abalone, can provide insightful 
on fertilization dynamics (i.e. Riffell & Zimmer 2007), differences in basic gamete 
characteristics such as the presence of jelly coats or egg buoyancy may greatly change the 
physical interaction of sperm and egg.  The eggs of P. magellanicus are negatively buoyant 
(Bayer and Wahle, unpub.), and this trait varies between species and across phyla. Negatively 
buoyant eggs are not uncommon, and fertilization dynamics on the seabed are understudied and 
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warrant further study.  
 Our sperm dilution experiments produced evidence of polyspermy at the highest sperm 
concentrations (> 108 sperm mL-1; Chapter 2, Bayer et al. 2016). Few fertilization dynamics 
models account for polyspermy (e.g., Styan 1998b), perhaps because it is not considered likely to 
occur in most natural populations. The downward swimming motion of sperm towards surfaces 
(Falkenberg et al. 2016) could also contribute to higher sperm concentrations in the benthos 
where spawning occurs. However, because P. magellanicus tends to prefer high flow 
environments (Harris 2011) and is most likely a bet-hedging spawner, it seems unlikely that 
polyspermy may be ecologically relevant under most circumstances for this species. Other 
elements that may impact fertilization success are abiotic environmental factors. Critical 
temperatures for initial cellular cleavage and morula development for the sea urchin Lytechinus 
variegatus were found to be lower than that for adults or larvae (Collin & Chan 2016). This 
suggests that other marine invertebrates may have critical thresholds of temperature, pH and 
other physical factors to ensure successful fertilization and larval development.  Molecular 
studies that carefully examine the proteins involved in the development of scallop would be 
critical to our understanding of how our changing environment may impact larval development 
and production.   
5.3 CONCLUDING REMARKS  
This thesis develops and applies new tools to explore the relationship between 
fertilization success and population size and density in sea scallops. Fertilization dynamics are 
poorly studied in many broadcast spawners, including many commercially exploited species. 
How a population’s fertilization success responds to exploitation should be better understood to 
properly manage and conserve fishery species. This dissertation is unique in that sea scallops are 
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neither a model species and are a large and important fishery. We now have empirical data on the 
relationship between spawner abundance and fertilization success in P. magellanicus, evidence 
for a possible component Allee effect, some form of compensation at low densities and the 
development of two methods to detect spawning events in the field. These new tools and data 
improve our understanding of the spawner-recruit relationship for scallops, the effectiveness of 
area closures, and a population’s ability to recover from exploitation, especially under depleted 
conditions.   
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APPENDIX A: METHODS: BROODSTOCK COLLECTION AND SPAWNING 
INDUCTION 
 SCUBA divers collected sea scallop broodstock from Muscongus Bay, Somes Sound, 
and the Damariscotta River, Maine. Scallops were held in lantern nets hung from a floating raft 
and in flowing seawater trays at the University of Maine’s Darling Marine Center on the 
Damariscotta River. As seawater temperatures approached 10-12˚ C in late June, we began 
rotating females from the rafts into tanks at the center’s aquaculture facility where water was 
kept at 10-12˚ C. To prevent potential sperm contamination, all water used in the aquaculture 
facility was filtered to 5 µm, and ultraviolet treated, and scallops were fed daily as in Bayer et al. 
(2016).  
 We used thermal shock and circulation to induce spawning in females, but most spawns 
during 2012 were not intentionally induced. Often, within 24 h after introduction to cooler 
aquaculture tanks, at least one female would spawn. To collect eggs from spawned females, we 
turned off any circulation in these tanks, isolated suspected spawners in smaller containers to 
increase egg density, and used a 45 µm sieve to separate eggs from finer particles and then 
transferred eggs to a beaker or test tube with fresh seawater to settle.  
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APPENDIX B: RESULTS: CONTROL DATA FOR EXPERIMENTAL SCALLOP 
POPULATIONS 
Table B.1. Control Data for Experimental Scallop Populations: Date, percentage of eggs scored 
as blastula in 24 h controls (CTRL), and the average percentage of eggs scored fertilized from 
stations outside (HD O, n = 6) and inside the high-density site (HD I, n = 9), outside and inside 
the low-density site (LD O, n = 6, LD I, n = 9); the adjusted average inside each site (HD IA, LD 
IA) after each station has had the control subtracted on each date. The percent difference (%D) 
between the adjusted mean and the raw mean is shown for each site.  
 
Date CTRL HD O HD I HD IA %D LD O LD I LD IA %D 
7/18/12 0.0 23.4 15.7 15.7 0.0 9.8 16.1 16.1 0.0 
7/19/12 0.0 6.7 13.6 13.6 0.0 1.1 0.9 0.9 0.0 
7/20/12 0.0 0.8 14.0 14.0 0.0 12.3 15.8 15.8 0.0 
7/23/12 0.0 30.4 39.5 39.5 0.0 57.2 57.1 57.1 0.0 
7/25/12 0.0 9.6 3.8 3.8 0.0 16.7 6.8 6.8 0.0 
7/27/12 2.0 19.4 18.2 16.2 10.9 9.8 8.8 6.8 22.5 
7/28/12 2.5 10.9 11.1 8.6 22.6 5.4 6.9 4.4 36.4 
8/2/12 7.2 15.4 19.4 12.2 37.2 12.8 17.9 10.7 40.2 
8/4/12 2.6 2.6 1.3 0.0 100.0 4.4 4.7 2.1 55.3 
8/8/12 1.9 7.4 7.2 2.5 65.6 11.4 6.6 4.8 28.3 
8/14/12 0.0 2.2 6.3 3.7 41.1 4.3 5.8 3.2 44.8 
7/18/12 0.0 23.4 15.7 15.7 0.0 9.8 16.1 16.1 0.0 
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APPENDIX C: RESULTS: MORAN’S INDEX FOR FERTILIZATION ASSAYS 
Table C.1. Moran’s Index for Fertilization Assays: Site, date, Moran’s Index (MI), Expected 
values (EI), standard deviation (SD), z value, p value and sample size (n) for fertilization assay 
stations over the spawning season of 2012 for both high- and low-density sites. Fertilization 
values were logit transformed. 
 
 
  
Site Date MI EI  SD z score p n 
High Density 7/18/12 -0.10 -0.08 0.07 0.11 0.66 14 
 7/19/12 -0.12 -0.07 0.06 0.22 0.83 15 
 7/20/12 -0.06 -0.07 0.04 -0.06 0.38 15 
 7/23/12 -0.02 -0.07 0.07 -0.21 0.21 15 
 7/25/12 0.00 -0.07 0.06 -0.27 0.14 15 
 7/27/12 -0.09 -0.07 0.07 0.08 0.62 15 
 7/28/12 -0.11 -0.08 0.07 0.11 0.67 14 
 8/2/12 -0.10 -0.07 0.07 0.10 0.64 15 
 8/4/12 -0.11 -0.07 0.05 0.16 0.76 15 
 8/8/12 -0.11 -0.07 0.07 0.15 0.72 15 
 8/16/12 -0.07 -0.07 0.06 0.01 0.51 15 
        
Low Density 7/18/12 -0.13 -0.07 0.06 0.24 0.83 15 
 7/19/12 -0.14 -0.07 0.07 0.27 0.84 15 
 7/20/12 -0.13 -0.07 0.06 0.25 0.84 15 
 7/23/12 0.02 -0.07 0.07 -0.36 0.08 15 
 7/25/12 -0.06 -0.08 0.05 -0.06 0.39 14 
 7/27/12 -0.09 -0.07 0.07 0.06 0.59 15 
 7/28/12 -0.04 -0.08 0.06 -0.16 0.26 14 
 8/2/12 -0.09 -0.07 0.07 0.09 0.63 15 
 8/4/12 -0.11 -0.09 0.04 0.11 0.70 12 
 8/8/12 -0.12 -0.08 0.08 0.12 0.67 13 
 8/16/12 -0.08 -0.07 0.05 0.03 0.55 15 
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APPENDIX D: RESULTS: MODELED RELATIONSHIP OF FLOW AND 
FERTILIZATION RATIO 
 
Fig. D.1. Modeled Relationship of Flow and Fertilization Ratio: Relationship between 
Fertilization Ratio (F) and 𝑢   for varying starting concentrations of sperm. The starting sperm 
concentration used for the fertilization model in Chapter 3, C, is 108 sperm s-1 
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